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REMARKS 

Favorable reconsideration is respectfully requested in view of the foregoing amendments 
and the following remarks. 

I. CLAIM STATUS AND AMENDMENTS 

Claims 1-18 were pending in this application when last examined and stand rejected. 
Claims 10, 13, 15 and 16 were objected to. 

Claims 2 and 3 are cancelled without prejudice or disclaimer thereto. Applicants reserve 
the right to file a Continuation or Divisional Application on any cancelled subject matter. 

Claim 1 is amended to recite "having no sugar chain, and having mutations in its amino 
acid sequence so that no glycosylation occurs at any glycosylation sites of the hepatocyte growth 
factor". Support for this amendment can be found in claim 2 as filed, page 8, lines 5-12, and 
page 35, lines 6-12, of the specification as filed. 

Claim 17 is amended to recite "and a conventional carrier or binder". Support for this 
amendment can be found on page 28, lines 1-4, of the specification as filed. 

Claim 1 8 is amended to recite "and a gene carrier". Support for this amendment can be 
found on page 30, line 37, of the specification as filed. 

Claims 8, 10, 13, 15 and 16 are amended to clarify the claimed invention. 

No new matter has been added. 

II. CLAIM OBJECTION 

On page 2, claims 10, 13, 15 and 16 were objected to for informalities. This objection is 
overcome, as applied to amended claims 10, 13, 15 and 16, for reasons which are self-evident. 

IIL DOUBLE PATENTING REJECTIONS 

On page 3, claims 1-4, 6-7 and 17 were provisionally rejected on the grounds of 
nonstatutory obviousness-type double patenting as being unpatentable over claims 1-5 and 18-21 
of US 10/926,088. 

Further, claims 8-9 and 18 were provisionally rejected on the groimds of nonstatutory 
obviousness-type double patenting as being unpatentable over claims 7-8 of US 1 1/041,363. 

6 



Serial No. 10/582,973 
Attorney Docket No. 2006_^0825 A 
January 6, 2009 

Applicants note that US 1 1/041,363 is no longer pending. Therefore, the provisional 
nonstatutory obviousness-type double patenting rejection over US 1 1/041,363 is moot. 

Applicants respectfully request that the Office hold the nonstatutory obviousness-type 
double patenting rejection of claim 1-4, 6-7 and 17 over US 10/926,088 in abeyance until this 
case is otherwise in condition for allowance. 

IV. INDEFINITENESS REJECTIONS 

On pages 3-4, claims 8-10, 13, 15, 16, 17 and 18 were rejected under 35 U.S.C. § 1 12, 
second paragraph, as indefinite. Applicants respectfully traverse this rejection as applied to the 
amended claims. 

This rejection is overcome, as applied to amended claims 8, 9, 17 and 18 for reasons 
which are self-evident. 

With regards to claims 10, 13, 15 and 16, Applicants note that the claimed invention is a 
DNA encoding glycosylation-deficient HGF of claim 1 or a method using such DNA. It is 
further noted that claim 1 has been amended to clarify the claimed invention and such 
amendment clarifies that the DNA of claim 1 has mutations to prevent glycosylation. Thus, it is 
not confusing that claim 1 recites a DNA encoding a glycosylation-deficient HGF. Further, it is 
therefore not confusing that claims 10, 13, 15 and 16 recite the term "glycosylation deficient". 

Thus, for the above noted reasons, this rejection is overcome. 

V. ANTICIPATION REJECTION 

On pages 4-5, claims 1, 4, 5, 14 and 17 were rejected under 35 U.S.C. § 102(b) as 
anticipated by Hofmaim et al. 

Further, on page 5, claims 1, 4, 10-11, 14 and 17 were rejected under 35 U.S.C. § 102(b) 
as anticipated by Hara et al. 

On page 5, claims 1-4, 6-15 and 17-18 were rejected under 35 U.S.C. § 102(b) as 
anticipated by Godowski et al. 

On pages 5-6, claims 1, 5, 8, 9, 10, 15 and 17-18 were rejected under 35 U.S.C. § 102(e) 
as anticipated by Miyake et al ('688 patent). 

On page 6, claims 1, 5, 8, 9, 10, 15 and 17-18 were rejected under 35 U.S.C. § 102(e) as 
anticipated by Miyake et al ('604 patent). 
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Finally, on page 6, claims 1, 8, 9 and 16-18 were rejected under 35 U.S.C. § 102(e) as 
anticipated by Patten et al. 

Applicants respectfully traverse these rejections as applied to the amended claims. 

Claim 1 has been amended to recite the limitations of claim 2. Therefore, the anticipation 
rejections over Hofinann et al., Hara et al., Miyake et al. (both *688 and '604), and Patten et al. 
are overcome. 

With regards to Godowski et al., the invention of amended claim 1 relates to a 
glycosylation-deficient HGF having no sugar chains, wherein mutations are introduced into its 
amino acid sequence so that no glycosylation occurs at any glycosylation sites of the HGF. 

The amino acid sequence of human HGF has 5 glycosylation sites. As shown in lines 2- 
14 on page 18 of the specification, these sites are amino acid positions 294, 402, 476, 566 and 
653 of SEQ ID N0:1 which encodes wild-type human HGF. 

Godowski states in lines 19-22 on column 14 that huHGF contains four putative 
glycosylation sites, which are located at positions 294 and 402 of the a -chain and at positions 
566 and 653 of the P-chain. Godowski does not teach that amino acid position 476 of huHGF is 
a glvcosvlation site . Therefore, Godowski does not suggest the claimed HGF variant wherein all 
of the glycosylation sites are mutated so as to lack all sugar chains. 

As the result, the invention of amended claim 1 and inventions of claims 3-18 depending 
on claim 1 are novel over Godowski. 

Further, sugar chains at positions 294, 402, 566 and 653 of the amino acid sequence of 
human wild-type HGF (SEQ ID N0:1) are N-linked type, whereas the sugar chain at position 
471 of amino acid sequence of human wild-type HGF is O-linked type as shown in lines 2-8 on 
page 18 of the English specification. Therefore, the glycosylation-deficient HGF of the claimed 
invention differs fi-om the glycosylation-deficient HGF of Godowski by the absence of O-linked 
sugar chain. 

Completely deglycosylated HGF of the claimed invention retains an activity equivalent to 
that of glycosylated HGF as apparent fi-om the working example of the specification of this case. 
This is unpredictable from Godowski since Godowski neither teaches nor suggests that the 
glycosylation-deficient HGF exhibits activity. 
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Furthermore, the fact that completely deglvcosvlated HGF of the claimed invention 
retains activity is surprising and unpredictable from the prior art . 

In general, according to the knowledge of a person of skill in the art, O-linked sugar 
chains are necessary for the activity of a glycosylated protein, and deleting an O-linked sugar 
chain from a glycosylated protein should decrease the activity of the protein. This is evidenced 
by following references. 

Oh-eda, M et al (Attachment A) 

This reference teaches that hG-CSF is a glycoprotein carrying one O-linked sugar 
chain(Abstract, lines 1-3). Fig. 1 indicates that colony stimulating activity of intact hG-CSF is 
higher than that of deglycosylated hG-CSF, and Fig.2 indicates that thymidine intake-stimulating 
activity of intact hG-CSF is higher than that of deglycosylated hG-CSF. The reference also 
teaches that the O-linked sugar chain of hG-CSF contributes to the stability of hG-CSF by 
suppressing polymerization and/or conformational change (Abstract, lines 23-26). 

Nissen, C. (Attachment B) 

This reference teaches that glycosylated rHuG-CSF has a greater qualitative and 
quantitative potency than the non-glycosylated rHuG-CSF, indicating that glycosylation confers 
a potency adyantage(Abstract, lines 14-16). Fig.l indicates that colony-stimulating activity of 
glycosylated rHuG-CSF is higher than that of deglycosylated rHuG-CSF. 

Nairn, K Y. and Lentze, M J, (Attachment C) 

This reference reports the role of N- and 0-glycosylation on the function of Lactase- 
Phlorizin Hydrolase (LPH)(Abstract, lines 1-3). The reference fiirther teaches that O-linked 
carbohydrate chains are critically important for the function of LPH (page 25504, last 
paragraph). 

Cumming, D. A. (Attachment D) 

This reference provides a review article conceming glycosylation of protein. The 
reference teaches that protein glycosylation is of central import in defining the utility of 
recombinant therapeutics (Abstract, lines 12-14). 
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Gonzalez-Gronow, M. et al (Attachment E) 

This reference teaches that plasminogen expressed in E.coli could not be activated and 
showed biological properties which are very different from glycosylated forms of plasminogen 
and that carbohydrate domain may play an important role in the function of the plasminogen 
molecule (Abstract, lines 9-13). 

The structure of HGF is quite similar to that of plasminogen. The structures of 
plasminogen and HGF are illustrated in Fig.l attached hereto (Attachment F). Both of them 
have a plurality of kringle domains. In addition, the C-terminal domain of plasminogen is serine 
protease domain, while that of HGF is a serine protease-like domain. 

Since the structure of HGF is quite similar to that of plasminogen, the disclosure of this 
reference suggests that sugar chains of HGF play important role in the function of HGF. 

As the result, the invention of amended claim 1 and inventions of claims 3-18 depending 
on claim 1 are unobvious over the cited references. 

For the above-noted reasons, these rejections are untenable and should be withdrawn. 
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CONCLUSION 



In view of the foregoing amendments and remarks, it is respectfully submitted that the 
present application is in condition for allowance and early notice to that effect is hereby 



If the Examiner has any conmients or proposals for expediting prosecution, please 
contact the undersigned attorney at the telephone number below. 



WRS/lc/akl 

Washington, D.C. 20006-1021 
Telephone (202) 721-8200 
Facsimile (202) 721-8250 
January 6, 2009 



requested. 



Respectfully submitted, 



Toshikazu NAKAMURA et al. 




William R. Schmidt, II 
Registration No. 58,327 
Attorney for Applicants 
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Tatsumi Yamazaki, and Norimichi Ocbit 
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Pharmaceutical Co,, Ltd., Komakado 1-135, Gotemba, 
Shizuoka 412, Japan 

Human granulocyte colony-stimulating factor (hG- 
CSF) is a glycoprotein carrying one 0-linked sugar 
chain. To clarify the role of the oligosaccharide in hG- 
CSF, some biological and physicochemical properties 
of the deglycosylated hG-CSF and the intact factor 
were compared. Recombinant hG-CSF produced in 
transfected Chinese hamster ovary cells was seQuen- 
tially digested with neuraminidase and endo-a-iV-ace- 
tylgalactosaminidase. The deglycoaylated hG-CSF was 
one-third as active as the intact form in the colony- 
forming assay, but it was almost as active as the intaot 
hG-CSF in the cell proliferation assay using NFS-60 
cells (NFS-60 bioassay)* Inactivation of the deglyco- 
sylated hG-CSF was also found by NFS-GO bioassay 
after incubation for 2 days at pH values firom 7 to 8 
and at 37 ^C. This inactivation was accompanied by 
polymerization of the factor which did not occur with 
the glycosylated factor. Circular dichroic and calori- 
metric analyses demonstrated that the deglycosylated 
hG-CSF is more sensitive to heat denaturation than the 
intact form and that the inactivation of both forms of 
hG-CSF was accompanied by conformational change 
of the proteins. From these results, it was concluded 
that the 0-linked sugar chain of hG-CSF contributes 
to the stability of the factor by suppressing pols^eri- 
zatiott and/or its conformational changes. 



The proliferation and di^erentiatton of progenitor cells of 
granulocyte-macrophage lineage are regulated by several hor- 
mone-like glycoproteins termed colony-stimulating factors 
(CSFs).^ These factors include granulocyte (G), macxopliage, 
granulocyte-macrophage, and multi-CSF (or interleukin-3) 
(1-3). While the granulocyte-macrophaga and multi*CSF 
stimulate both lineages, G-CSF stimulates ahnost exclusively 
the production of neutrophilic granulocytes in vivo (4). Nat- 
ural human (}-CSF has been purified firom a medium condi- 

* The costs of publication of this article were defrayed in part 1^ 
the payment of page charges. This article must therefore be hereby 
marked "advertisement** in accordance with 18 U.S.C. Section 1734 
solely to indicate this fact. 

i To whom correspondence should be addressed* 

' The abbreviations used are; CSF, colony-stimulating factor, G, 
grandocyte; h, human; GalNAcol, JV-acetyl^actoaaminitol. 



tioned by a CSP-producing tumor cell line (CHU-2) and 
shown to have one 0-linked sugar chain (5). To obtain a 
glycosylated form of human G-CSF (hG-CSF) closely similar 
to the natural product, a hG-CSF cDNA isolated from CHU- 
2 cDNA libraries (6) was expressed in Chinese hamster ovary 
cells. We have reported that recombinant hG-CSF was indis- 
tinguishable from its natural counteipart structurally and 
biologically and that O-glycosylation occurred at the same 
position (Thr-133) in both forms of hG-CSF (7). The structure 
of the 0-linked sugar chain of recombinant hG-CSF has been 
determined to be NeuAca2-3Gal/?l-3(±NeuAca2-6)GalNAcol 
(8). Natural hG-CSF contains a sugar chain identical to that 
of the recombinant factor.^ To clarify the role of the 0-Iinked 
sugar chain of hG-CSF, the deglycosylated hG-CSF was com- 
pared with the intact form biologically andphysicochemically. 
In the present study, recombinant hG-CSF was used because 
it has been shown to be identical with its natural counterpart 
and is available in sufficient amounts. We describe here the 
contribution of the 0-Hnked sugar chain of hG-CSF to its 
stability. 

EXPERIMENTAL PROCEDURES 

DeglycosyUuion of W/-CSF— Recombinant hG-CSF was purified to 
homogeneity from a medium conditioned by transfected Chinese 
hamster ovary cells as described previously (5). A sample of hG-CSF 
(7,7 mg) in 30 ml of 0.2 M sodium acetate buffer, pH 6.5» containing 
1 mM calcium acetate was incubated with 3 units of neuraminidase 
(Streptococcus sp., Seikagaku Kogyo) at 37 *C for 5 h. After the 
desialylation the reaction mixture had added to it 3 ml of O.I M 7- 
galactonolactone, 0.3 ml of 0.1 M calcium acetate, and 1.6 mi (0.8 
imits) of endo-tt-JV-acetylgalactosaminidase {Diptococcus pneumo- 
niae, Boehringer Mannheun) and was incubated at 37 *C for 21 h. 
The digest was applied to a reverse-phase high pressure liquid chro- 
matography column (YMCpack AP824, 10 x 300 mm, Yatnamura 
Chemicals) equilibrated with 20% n-propyl alcohol containing 0.1% 
trifluoroacetic acid. The deglycosylated hG-CSF was eluted with a 
linear gradient of n-propyl alcohol from 20 to 60% in 0.1% trifluoro- 
acetic acid over 80 min at a flow rate of 1.5 ml/min. The deglycosy- 
lated hG-(3SF fraction was diluted lO-fold with 20 mM sodium acetate 
buffer, pH 4.6, containing 0,01% Tween 20, and the solution was 
applied to a CM-Sq;>harose column (1.5 X 3 cm) to remove the organic 
solvent. The deglycosylated hG-CSF was eluted with the same buffer 
except that the buffer contained 0.2 M NaD and was stored at 4 *C 
after filtration with a membrane filter (0.22 ^tro). The intact hG-CSF 
was also subjected to the sequential column chromatography and 
stored in the same manner as described above. The protein ooncen- 
tiations of these stock solutions were 277 and 366 iig/ml £or the mtact 
and the deglycosylated hG-CSF, respectively. 

Bioassays for hG-CSF— hG-CSF activity was determined by a cell 
proliferation assay using mouse myeloblastic NFS-60 cells as de- 
scribed previously (9). Samples diluted in 100 ^1 of Iscove's modified 
DuIbecco*s medium (GIBCO) containing 10% fetal bovine serum 
(GEBCO) were mixed with 100 m1 of NFS-60 cells (2.5 X 10') in 96- 
well microtiter plates. The cultures were incubated for 22 h at 37 'C, 
0.25 ^iCi of pHlthymidine (Du Pont-New England Nuclear) was 
added to each wdl, and the cultures were further incubated for 6 h at 
37 'C- The cells were harvested onto filter paper and were assayed 
for l^H] thymidine incorporation in an LS5801 liquid scintillation 
counter (Beckman). A colony-forming assay was carried out as de- 
scribed using mouse bone marrow cells (5). Bone marrow cells (1 x 
10*) from C57BL/6N mouse (Cler Japan Inc.) were cultured in 1 ml 
of modified McCoy's 5A medium (GIBCO) containing 0.3% agar, 40% 
horse serum (Hydone), and 10% diluted hG-CSF in 35-mm culture 
dishes for 5 days at 37 'C in a fiiUy humidified 6% COt atmosphere. 

* M. Oh-eda, M. Haaegawa, K. Hattori, H. Kuboniwa. T. Kojima, 
T. (>rita, K. Tomonou, T. Yamazaki, and N. Ocbi, unpublished data. 
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Colonies containing more than 50 cells were scored using an inverted 
miczoscope. Each value shown in this ]>aper is the mean of duplicate 
cultures. 

Analytical Methods— Amino acid and anuno sugar composition 
analyses were performed in a Waters Pico-Tag system. Samples were 
hydrolyzed in evacuated tubes in 6 N HCl containing 1% phenol at 
110 *C for 24, 48, and 72 h for amino acid composition and in 4 N 
HCl at 100 *C for 6 h for amino sugar analysis. The resulting amino 
acids or amino sugar were phenylisothiocyanated (10), and the phen- 
ylthiocarfoamoyl derivatives were quantified in a Pico^Tag system. 
Protein was determined by amino acid analysis. CD spectra were 
taken in a Jasco J-500 recording spectropolarimeter equipped with a 
DP-500N data processor at a protein concentration of 30 /<g/ml in 20 
mM sodium phosphate buffer, pH 7.4. The q>ectra data are expressed 
as molar ellipticity calculated using a mean residue weight of 104.4. 
Calorimetric measurements were performed in a DASM-4 scanning 
adiabatic diffezential microcalorimeter at a heating rate of 1 K/min 
using 20 mM acetate buffer, pH 4.5, containing 0.2 M NaCl and 0.01% 
Tween 20 as a control. 

RESULTS AND DISCUSSION 

Initial Characterization of Deglycosylated hG-CSF—hG- 
CSF was deglycosylated by the successive digestion with neur- 
aminidase and endo-a-N-acetylgalactosamimdase. Amino 
sugar analysis showed the essential removal of the O-linked 
sugar chain from hG-CSF, i.e, galactosamine was detennined 
to be 0.9S and less than 0.01 mol/mol protein for the intact 
and the deglycosylated hG-CSF, respectively. The amino acid 
compositions of both forms were in accordance with theoret- 
ical values calculated &om the amino acid sequence as shown 
in Table I. The intact and the deglycosylated hG>CSF gave 
the same peptide map except for the glycosylated peptide 
using Staphylococcus aureus V8 protease (7). Furthermore, 
both factors showed almost the same CD spectra at 25 *C and 
eqiftl biological activity in the NFS-60 bioassi^r (data not 
shown). These results demonstrated that hG-C^F was degly- 
cosylated without loss of the activity and that neither cleavage 
of the protein moiety nor detectable conformational change 
occurred during the deglycosylation. However, the deglyco- 
sylated hG-CSF showed about one-third the specific activity 
of the intact form in the colony-forming assay, which requires 
S days of incubation at 37 *C» as shown in fig. 1. One possible 
explanation for this discrepancy of activities in the two bioas- 

Tablb I 



Amino 


Deglycosylated 


Intact 


Theoretical 


acid 


hC-CSF* 


hG-CSF- 


value* 




mol/mol protein 




Asp 


4.4 


4.2 


4 


Glu 


26.8 


25.6 


26 


Ser' 


15.1 


14.3 


14 


Gly 


15.4 


15.4 


14 


His 


5.6 


6.1 


5 


Arg 


5.2 


4.8 


5 


Thr 


7.1 


6.8 


7 


Ala 


19 


19 


19 


Pro 


13.8 


13.9 


13 


Tyr 


3.1 


3.0 


3 


Val 


7.2 


7.4 


7 


Met 


3.0 


3.2 


3 


VfaCys 




ND 


5 


lie 


4.1 


4.2 


4 


Leu 


30.9 


32.1 


33 


Phe 


5.7 


5.8 


6 


Trp 


ND 


ND 


2 


Lys 


3.1 


3.6 


4 



* Calculated from average values obtained for 24-, 48-, and 72-h 
hydrolysates. 
^Values from the amino acid sequence. 
' Extrapolation to zero hours. 
ND, not determined. 
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Fig. 1. Colony-stimulating activities of the intact and the 
deglycosylated hG-CSF. Mouse bone marrow cells (1 x 10*) were 
plat^ into 35-mm culture dishes in 1 ml of modified McCo/s 5A 
medium containing 0.3% agar and 40% horse aexum with various 
concentrations of the intact or the deglycoaylated hG-CSP. The 
cultures were incubated at 37 *C in a humidified 5% COs atmosphere 
for 5 days, and colonies containing more than 50 cells were scored. 
O, intact hO-CSF; deglycosylated hO-CSF; A, vehicle. 




Fig. 2. Effects of pH and heat on the biological activities of 
the intact and the deglycosylated hG*CSF. a, pH dependence. 
The stock solutions of the intact or the deglycosylated hG-CSP were 
diluted to 1 jig/ml with 20 mM sodium phosphate buffer {pH 6.0-8.0) 
containing 0.2 M NaCl and 0.01% Tween 20 in polypropylene tubes. 
These 'solutions were incubated at 37 *C for 2 days, and the residual 
activity was determined by NFS-60 bioassay as described in the text 
The activity was shown in percentages of the activity of samples 
stored at 4 *C and pH 4.5; b, thermal dependence. The stock solutions 
of the two hG-CSFs were diluted with 20 mM sodium phosphate 
buffer, pH 7.4, containing 0.2 M NaCl and 0.01% Tween 20 in the 
same manner as described above. The diluted solutions were incu- 
bated at various temperatures, and the residual acUvities were deter- 
mined as desoribed above. O, intact hG-CSF; deglyco^lated hG- 
CSP. 

says is that the deglycosylated hG-CSF is less stable than the 
intact form. Consequently, pK and heat stability of the two 
forms were then investigated. Biological activities of the two 
forms were detennined by NFS-60 bioassay, in which no 
inactivation of both forms could occur dining the assay. 

pH St(U}ility— The effects of pH on the biolo^cal activities 
of the deglycosylated and the intact hG-CSF were examined 
by NFS-60 bioassay. The residual activities of the two forms 
were determined after storage for 2 days at pH 6-8 and at 
37 *C, for preliminary experiments indicated that the de^y- 
cosylated hG-CSF was stable at pH 4.5-6 but was unstable at 
pH 8. The deglycosylated hG-CSF was rapidly inactivated at 
pH 7-^ but the intact hG-CSF retained over 80% of the 
activity even at pH 8 as shown in Fig. 2a. Both forms incu- 
bated for 2 days at pH 4.5, 7.4, and 8.0 were analyzed by high 
performance gel chromatography. Fig. 3 shows that the mon- 
omerio form of the deglycosylated hG-CSF decreased substan- 
tially accompanied by polymerization at pH 7.4 and 8.0. It 
was thought that a large part of the polymer forms insoluble 
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Fig. 3. Effect of pH on the polymerization of the intact and 
the deglycosyJated hG-CSF. The intact and the deglycosylated 
hG-CSF (10 tig/m\) were subjected to high perfonnance gel chroma- 
tography on a TSK G-3000SWxl column (7.6 X 300 mm» Toso Corp.) 
after incubation for 2 days at pH 4.5, 7.4, and 8.0 in 20 mM sodium 
phosphate buffer containing 0.2 M NaCI and 0.01% Tween 20. The 
column was devebped with 20 mM sodium phosphate buffer, pH 6.8» 
containing 0.15 M NaCl and 0.01% Tween 20 at a flow rate of 1 ml/ 
min. The protein was monitored at 220 nm. I, monomer; 2, polymer. 
AUFS, absorbance units at toll scale. 
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Fig. 4. Excess heat capacity curves of the Inlact and the 
deglycosylated hG-CSF. The stock sohitions of the intact and the 
deglycosylated hG-CSF were subjected to calorimetric analysis using 
a DASM-4 scanning adiabatlc differential microcalorimeter at a 
heating rata of 1 K/min. o, intact hG-CSF; b, d^Iycosylated hG-CSF. 
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Pig. 5. Difference CD spectra of the intact and the degly- 
cosylated hG-CSF. CD spectra were taken at a protein concentra- 
tion of 30 /tg/ml in 20 mM sodium phosphate buffer, pH 7.4, at 40, 
45, 50, 55, SO, and 65 *C. The spectrum obtained at each temperature 
was subtracted from that obtained at 25 *C. Accumulation times of 4 
or 8, a scanning speed of 20 nm/min, time constant of 0.5 s, and 
spectra bandwidth of 1 nm were employed, o, intact hG-CSF; 6, 
deglycosylated hG-CSF. i, 25-40 'C; 5, 26-45 'C; 3, 25-50 'C; 4. 25- 
55 "C; 5, 2S-60 'C; 6, 26-65 'C. 



aggregates because the loss of the monomer could not be 
accounted for by the newly formed oligomer or polymer. On 
the other hand, only a slight decrease of the monomer and no 
polymerization was found in the intact hG-CSF at pH 8.0» 
altlxough the small shoulder corresponding to the dimer was 
detected just before the peak of the monomer. The polymer- 
ized form showed no biological activity, and the residual 
activity corresponded well to the amount of the monomer. On 
the other hand, no difference was foimd in CD spectra of the 
deglycosylated hG-CSF regardless of the storage pH. It is 
suggested that the inactivation of the deglycosylated hG-CSF 
under near neutral conditions was caused not by Uie change 
of protein conformation but by the decrease of monomer 
accompanied by the i>oIymerizafion. It is thus concluded that 
the sugar chain of hG-CSF suppresses the polymerization of 
the factor allowing it to keep its biological activity. Deglyco- 
sylation might induce polymerization of the factor by mi- 
croenvironmental change near the residue, for example in 
cysteine or histidine, which has piC the neutral region. 

Thermostability— TempereXxae dependence of the biolog- 
ical activity of the deglycosylated and the intact hG-CSF was 
evaluated NFS-60 bioassay as shown in Fig. 26. The 
deglycosylated hG-CSF showed less thermostability than the 
intact hG-CSF, Thermostability of the two forms was also 
examined by calorimetric analysis as shown in Fig. 4. 

Both the intact and the deglycosylated hG-CSF showed 
excess heat capacity curves, with a single peak, typical for 
globular proteins. Peak temperature (Tp) and denatrjrational 
change of enthalpy (AH) were 62.5 'C and 130 kJ/mol, and 
65.2 *C and 107 kJ/mol for the intact and the de^ycosylated 
hG-CSF, respectively, suggesting less thermostability of the 
deglycosylated hG-CSF. CD spectra of the two forms were 
taken at 40-^ *C to evaluate the conformational change of 
the factor as shown in Fig. 5. The deglycosylated and the 
intact hG-CSF were shown to have a conformational change 
related to the decrease of a-helix content occiirring at tem- 
peratures (55 and 60 *C for the deglycosylated and the intact 
form, respectively) near Tp observed in the calorimetric analy- 
sis. In addition, the thermal denaturation of both fiactors was 
irreversible. The deglycosylated hG-CSF gave CD spectra 
different from those of the intact form (especially curves 4, 5, 
and 6 in Fig. 5), suggesting that the co\irse of denaturation 
for the two forms is different From these results, it was 
demonstrated that the appearance of single peaks in excess 
heat capacity curves of both forms was caused by irreversible 
structural change of the protein with the destruction of a- 
helix. The deglycosylated hG-CSF was less thermostable than 
the intact form. 

Many hematopoietic factors including G-CSF are glycopro- 
tein and have been produced in prokaryotic or eukaryotic cells 
by recombinant DNA technology (6, 11-18). A more typical 
glycosylation is expected in the latter cells. Kagawa et al (13) 
have reported that human interferon fix produced in three 
kinds of mammalian cells had different carbohydrate struc- 
tures, and they concluded that Chinese hamster ovaiy cells 
produced a protein resembling the natural one. We have 
demonstrated that the 0-linked sugar chain of hG-CSF con- 
tributes to stability of the glycoprotein by suppressing the 
polymerization and conformational change of tiie protein 
allowing it to keep its biological activity. 
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The production of recombinant human granulocyte colony stimulating factor (HuG-CSF) by gene cloning has 
made this growth factor available in large quantities for clinical application. There is accumulating evidence to 
suggest that the glycosylation of HuG-CSF confers advantages in terms of in vitro stability to temperature, pH 
and degradation by proteases, and a recent report attributes a greater biological potency, in the absence of larger 
biological mass, to the property of glycosylation. 

In this study, the biological potency of glycosylated rHuG-CSF (lenograstim) was compared with that of non- 
glycosylated rmetHuG-CSF (filgrastim) and a noa-glycosylated rHuG-CSF (non-commercial preparation), using 
duplicate assays of neutrophil and erythroid colony formation in three human bone marrows. Serial doubling ... 
dilutions of each rHuG-CSF resulted in a concentration range of 0.008-128 ng/ml. Qualitative (nuiiiber) and ^^; 
quantitative (size) assessments of colonies were performed at day 14 of culture. Lenograstim proved, twice as.:i.;.. . 
potent as filgrastim (and non-commercial rHuG-CSF) at maximal colony stimulation, and 20 tim^^raote^ 
than both at half-maximal colony stimulation (P = 0.0001). Incubation with lenograstim also producecfe;a higherjgi^-; 
proportion of colonies with > 200 cells than either of the other preparations. *;\ Vi;.)//!:--:.: 

In conclusion, glycosylated rHuG-CSF (lenograstim) had a greater qualitative and quantitatiy^ipbti^n^ 
the non-glycosylated rHuG-CSFs (filgrastim and non-commercial xHuG-CSF), indicating tlidip^ycdsylation^^^'- 
confers a potency advantage on lenograstim . ' * ' : 

Key words: lenograstim, potency, human bone marrow culture, rHuG-CSF . : / i 
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INTRODUCTION 

Human granulocyte colony-stimulating factor (HuG-CSF) is 
one of several naturally occurring haemopoleiic growth factors 
which are known lo have regulatory effects on the proliferation 
and differentiation of haematopoietic progenitor cells and the 
function of mature blood cells [\], Apart from acting synergisti- 
cally with other growth factors (granulocyte macrophage colony- 
stimulating factor (GM-CSF), inierleukin 3 (IL-3)and macroph- 
age colony-stimulating factor (M-CSF)) to stimulate in vitro 
proliferation of megakaryocyiic, granulocytic and macrophage 
cell lines, HuG-CSF specifically targets the colony forming unit- 
granulocyte (CFU-G) neuiropliil progenitor cell and regulates 
the functions of the mature neutrophil (e.g. chemotaxis and 
migration). These actions are pivotal to the potential clinical 
use of HuG-CSF in neutropenia, particularly chemotherapy- 
induced neutropenia in cancer patients. 

Using complementary DNA (cDNA) for human G-CSF, 
isolated from a cDNA library constructed from nxRNA (in 
turn prepared from a human squamous cell line (CH2)), a 
recombinant form of HuG-CSF has been produced. Two forms 
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of rHuG-CSF are available for clinical- use:* bneV possessing a 
sugar chain, is derived from Chinese Hainsier' Ovary (CHO) 
cells; the odicr, lacking a sugar chain>'is derived from the 
bacteriiun Esdterichta coli, .\ 

Glycosylated, CHO-derivcd rHuG-CSF (lenograstim) has the 
identical amino acid sequence (174 residues) to that of natural 
HuG-CSF [2] \ both have a free Cys-17 and two disulphide bonds 
(between Cys-36 and Cys-42 and between Cys-64 and Cys-74); 
and in both, the 0-glycosylation occurs at Thr-133. Similar 
circular dichromic spectra are obtained for the two types [2]. 
Furthermore, when measured in c57BL mice prcireated with 
cyclophosphamide, rHuG-CSF and natural HuG-CSF proved 
CO have idendcai biological activity [2]. 

Glycosylation has proved to be important for the biological 
acdviiy of other recombinant growth factors, i.e., interleukln 6 
and erychropoiedn [3,4]. Recent/ re|»jrtS/ indicate that while 
glycosylation perse is not vital for the biorcgi^^^^ rHuG- 
CSF, glycosylation may cdnfcyl gri^^^^ 

altered pH [5} :.'^d; tem^rttS to 
protease'dfegMd^oi^ of the 

glycosyiatec^aBd^nb^ now 
under i'^*'»'*'''«'*«'*''*^*^'"-'=*'^^^^^^^ "vy/*v..u .' 
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international standard for G-CSF and GM-CSF showed thai on 
bioas^yV'aoji-gfycosylated rHuG-CSF has a biological potency 
which is 30-50% that of glycosylated rHuG-CSF. This was 
evidedt despite: the fact thai, on immunoassay, the two prep- 
arations had a similar mass [8J. 

.; The present study was aimed at further comparing the m vitro 
bi6logicai potencies of glycosylated and non-glycosylatcd rHuG- 
CSF, as measured in human bone marrow assays. 

MATERIALS AND METHODS 

Three preparations of rHuG-CSF were compared in this 
study; two were commercially available for clinical use, the odier 
was a preparation for research purposes only. Glycosylated, 
CHO-dcrived rHuG-CSF (lenograstim) was provided by Chug- 
ai-Rhone Poulenc (Antony, France), non-glycosylated £. coli- 
derived r-mct-HuG-CSF (filgrastim) was supplied by Hofftnann 
La Roche Ltd (Basel, Switzerland), and non-glycosylated E. 
co/t-derived rHuG-CSF (non-commercial rHuG-CSF) was 
donated by Sandoz Pharmaceuticals Ltd (Basel, Switzerland). 

Serial doubling dilutions (from 128 to 0.008 ng/ml) were 
prepared under sterile conditions for each rHuG-CSF, and were 
stored immediately. 

Human bone maaow cells were obtained from 3 healthy 
donors, all of whom had given their informed consent. After 
collection, bone marrow cells were stored frozen in 20% dime- 
thylsulphoxidc (DMSO), after which ihey were rfiawed and 
adhered overnight to tissue culture plates containing 25% fetal 
calf serum (FCS) in Iscove's Modified Dulbccco's medium 
(IMDM). Bone marrow cells which remained non-adherent 
were resuspended in 1% methyl cellulose (Fluka, Buchs) in 
IMDM containing 0.8% bovine serum albumin (BSA), 380 rog/ 
ml human transferrin, I U/ml rh erythropoietin (Connaught), 
16% FCS and phytohaemagglutinin (PHA)-conditioned 
medium (8% vol/vol), to achieve a final concentration in culture 
of 6 X 10*ccUs/ml. 

Duplicate plates were examined at each concentration of 
rHuG-CSF for each of the three preparations (lenograstim, 
filgrastim and non-commercial r HuG-CSF), and neutrophil, and 
erythroid colonies were assessed after 14 days of culture [8, 9] 
using an inverted microscope. Colonies were assessed "blind" 
and were scored according to both number and size, correspond- 
ing to quantitative and qualitative potency, respectively. The 
number of colonies was expressed as a mean (±S.D.) 

An analysis of variance (ANOVA) test was used to assess 
between group differences, and the significance level was taken 
tobcP = 0.05. 

RESULTS 

Neutrophil colony stimulation was dose dependent for all 
three preparations of rHuG-CSF, resulting in sigmoid 
dose-response curves (Figure 1). Lenograstim and filgrastim 
shared a similar slope and reached a similar plateau at higher 
concentrations (above 32 ng/ml); the plateaux for lenograstim 
and filgrastim were 27.0 ± 13.3 and 24.3 ± 7.7 colonies, 
respcciivcly. 

The potency of lenograstim was significantly greater than 
that of fUgrasum and non-commercial rHuG-CSF. Lenograstim 
required half the dose of either filgrastim or non-commercial 
rHuG-CSF to achieve maximal colony stimulation 
{P = 0.0001), and at half-maximal colony stimulation, lenogras- 
tim was 20 times more potent than either of the other two 
preparations (P = 0.0001): 0.5 ng/ml lenograstim achieved 
14. 1 ± 3.6 colonies, while 8 ng^mi filgrastim was required to 
produce 11.5 ± 4.9 colonies. 
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Figuxe I. Dose-response curves (mean ± S.E.M. of three bone 
marrow assays) for neutrophil colonics in human bone marrow 
culture after xacubation for 14 days with glycosylated rHuG-CSF 
(lenograstim), oon-glycosylatcd rHuG-CSF (filgrastim) and non-gly- 
cosylated rHuG-CSF (research product). 

When the neutrophil colonies were assessed for size, a differ- 
ence was observed for the three preparations. Lenograstim 
achieved a higher proportion of "large" (> 100) or 'fairly large" 
(20-100) colonies, compared with filgrastim (50-66% versus 
33%), at concentrations between 4 and 128 ng/ml. With filgras- 
tim, large colonics were observed only at concentrations of 32 
and 64 ng/ml. 

Results for erythroid colonies were similar to those for neutro- 
phil colonies. Where neutrophil and erythroid colonies were 
assessed together, lenograstim proved to be approximately 3.5 
times more potent than filgrastim, at equivalent concentration 
(2 ng/ml). At saturation concenuation (128 ng/ml), lenograstim 
achieved approximately 20% more neutrophil and erythroid 
colonies than filgrastim. 

DISCUSSION. 
When CHO-derived glycosylated rHuG-CSF (lenograstim) 
was compared with two preparations of co/t-derivcd non- 
glycosylated rHuG-CSF (filgrastim and non-commercial rHuG- 
CSF) in this study, significant differences in biological potency 
were observed. 

At maximal neutrophil colony stimulation, lenograstim had a 
potency which was twice that of filgrastim, wlule at half-maximal 
neutrophil colony stimulation, Icnogtustim was 20 times more 
potent than filgrastim. 

Similar results were obtained for erythroid colonics. When the 
stimulation of both neutrophil and erythroid colonics combined 
were compared, lenograstim was shown to have superior 
potency. At saturation concentration (128 ng/'ml), 20% more 
colonics (neutrophil and erythroid) were formed by lenograstim 
tiian by filgrastim, and at an equivalent concentration of 2 ng/ 
ml, lenograstim was capable of stimulating die formation of 
approximately 3.5 times more colonies than filgrastim. 

The potency of lenograstim also proved to be qualitatively 
superior to that of filgrastim. The majority of lenograstim assays 
throughout the concentration range of 4-128 ng/ml resulted in 
the formation of "large" or "fairly large" neutrophil colonies, 
compared with only 33% of filgrastim assays. Furthermore, 
filgrastim achieved the formation of "large" colonies over a 
limited concentration range, compared witii lenograstim which 
was capable of simulating the formation of "large" or "fairly 
large" colonies over a larger and lower concentration range. 

Since, at equivalent dose, glycosylated rHuG-CSF 
(lenograstim) stimulated the formation of more and larger 
colonies than cither of. the preparations of non-glycosylated 
rHuG-CSF (filgrastim and non-commercial rHuG-CSF), it may 
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be inferred thai gl/cosylacion of rHuG-CSF confers several 
advantages in vitro In cerms of both quantitative and qualitative 
potency. 

The results of this study coniirm those of the WHO/NIBSC 
study (7), which found glycosylated rHuG-CSF to be of superior 
potency to non-glycosylared rHuG-CSF. In addition, these 
results are consistent with the therapeutic doses for lenograstixn 
and filgrastim (5 and 10 p^^g/day, respectively) as rec- 
ommended by the Committee for Proprietary Medicinal Pro- 
ducts for use in a bone marrow transplant setting. 

The in vitro advantages of glycosylated rHuG-CSF 
(lenograstim) over non-glycosylated rHuG-CSF (filgrasum and 
a non-commcrciai preparation) have now been established. 



1. Groopmati JE, MoUna J-tA, Scsdden DT. Mematopoietic growth 
factors. Biology and clinical applicadons. Neio Engl J Med 1989, 
321, 1449-1459. 

2. Kubota N, Oriia T, Hatiori K, Oh-eda M, Ochi N, Yamazaki T. 
Structural characterization of natural and recombinant human 
granulocyte coiony-stitnulaOng factors. J Blochm 1990, 107> 
486-492. 

3. Dube 5, Fisher JW, Powell JS. Glycosyladoa at specific sites of 




ety throp6icc£a^i^*«^uaKj^^ and biologic 

funciioiiij? 
Mandlla J^,Sc^&diS^Biii^^ 

for rccepcdrbiiiHirtS^ndpSo^ In Oppcnhcu 

l],ctal\ cds'i-i^ijigrijt^^^l?^^ Molecular an 



human granufdcyt<: ajfd&yjs factor protecis it again 

poiymerisation and icTtiitfuni'don allowing it to retain its biologic 
activity. JBw/C^ i990;*265, 11432-1 1435. 
6. Kishita M, Mot<«iina H, Oh-eda M, «t ai. ScabiUty of gnmulocy 
colony stimuJating factor (rHuG-CSF) in scrum. Clin Report 199. 

World Health Organization (WHO) BS/92.17U. International cc 
laboraiive study for the proposed international standards for gr 
nulocyte macro phagc-colony sumulating factor and granulccy; 
colony stimulating factor, 1992. 

Iscove NN, Guilbert LJ, Weyman C. Complete replacement i 
serum in primary cultures of crythropoicun- dependent red cc 
precursors (CFU -E) by albumin, iransferrin, iron, unsaturated fat 
acid, lecithin and cholesterol. Exp CellRes 1980, 126, 121-126. 
Iscove NN. Culture of lymphocytes and haemopoiedc cells . 
serum-free medium. In Bams D, Sirbascu D, Sato G, eds. iMetho, 
forSermi'free Ctttture of Neurrmal and Lymphoid Cilh. New Yor! 
A!anRLtssJ984, L69-18S. 




The Joubnai. 07 Biolocjcal Cubmuisv 

0 1992 by Tbf Aacfieaa Society for Blochealttiy and Molecular Biotogyt Inc. 



Vol. 267. Now 35> Umi» of Oeeeaber IS. pp. S549i-25fi04. 1993 

PHttUdinU,S.A. 



Impact of 0-Glycosylation on the Function of Human Intestinal 
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Lactase-phlorizin hydrolase (LPH) is an integral in- 
testinal brush border membrane glycoprotein respon- 
sible for the hydrolysis of lactose, the primary carbo- 
hydrate in mammalian milk. To assess the role of iV« 
and 0-glycosylation on the function of LPH, lectin- 
binding experiments combined with enzymatic and 
chemical deglycosylation of purified LPH molecules 
were performed. These investigations provided evi- 
dence for the existence of two forms of brush border 
LPH, an N-glycosylated molecule (LPHn) and an 
and 0-glycosylated molecule (LPHn/o)- These two 
forms could be discriminated on the basis of (I) their 
binding capacity to Helix pomatia lectin, which has 
high speciticity toward 0-linked oligosaccharides, and 
(ii) their deglycosylation patterns with endo-z^-AT-ace- 
tylglucosaminidase F/GF, 0-glycanase, and trifluoro- 
methanesulfonic acid. Interestingly, both forms have 
identicfiJ Xm values (-^14 mM) when assayed with lac- 
tose, but hydrolyze this substrate at different rates. 
Thus, the iV- and 0-glycosyIated form exhibits almost 
a 4-fold higher Vmmx than that of the iV^glycosylated 
enzyme (3.26 nM/min versus 0.90 nM/min) and is there- 
fore enzymatically more active than the latter. Sequen- 
tial affinity chromatography of glycopeptides derived 
from pHJmannose-labeled LPHn and LPHn/o on lectin 
columns revealed similar patterns of iV-linked glyco- 
sylation of both forms indicating that the presence of 
O-linked oligosaccharides did not affect or alter the 
processing of iV'linked oligosaccharides. 

0-Linked glycosylation of LPH appears to occur in 
the Golgi apparatus, since the earliest detectable forms 
of LPH, the mannose-rich precursor (pro-LPH) is not 
O-glycosylated. In view of the fact that differentiation 
of intestinal crypt cells to mature epithelial cells is 
accompanied by signiHcant phenot31>ical, morphologi- 
cal, and structural alterations, including changes in 
the levels of several Golgi glycosyl, -sialyl, galac- 
tosyl-, and iV-acetylgalactosaminyltransferases, and 
since O-glycosylation is a Golgi event, we suggest that 
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the generation of LPHn and LPHk/o strongly linked 
to differentiation of intestinal cells. Finally, the vari- 
ations in the enassrmatic activity of the two forms pro- 
pose a role for 0-glycosylation in posttranslational 
regulation of LPH activity. 



Lactase-phlorizin hydrolase (EC 3.2.1.23-62, LPH)^ is a 
glycoprotein that is abundant in the small intestine of almost 
all itt^^ir^ifl^ft and is responsible for the hydrolysis of lactose, 
the main carbohydiate in mammalian milk. In the absence of 
lactase, absorption of sugars through the microvillus mem- 
brane does not occur, xesultxng in abdominal cramps, flatus, 
and diarrhea. 

In addition to the hydrolysis of lactose, LPH also carries a 
hydrolytic activity for jS-glycosylceramides (Colombo et al„ 
1973; Schlegel-Haueter et aL, 1972; Skovbjerg et al, 1981), 
and it seems likely that both activities reside on the same 
polypeptide (Mantei et aL, 1988). 

Several studies have meanwhile established several aspects 
of the structure, biosynthesis, and processing of LPH in 
various species. Thus, LPH is synthesized as a large single 
chain precursor that is subsequently converted by intracellu- 
lar proteolysis to the final brush border form (Danielsen et 
al, 1984; Hauri et aL, 1986; Nairn etoL, 1987). The site of the 
intracellular cleavage of pro-LPH has not been localized yet 
with certainty, although the Golgi apparatus seems to be the 
potential organelle where this process occurs (Danielsen et 
aL, 1984; Naim et oL, 1987). The impact of this event on the 
fimction and transport of LPH has been recently studied in 
a mammalian expression system using full-length cDNA en- 
coding the human enzyme (Naun et d., 1991). These studies 
provided the first conclusive evidence that the proteolytic 
processing of pro-LPH is not crucial in the attaiiunent of 
transport competence and for the acquisition of enzymatic 
activity. However, since these studies were performed in a 
non-polarized cell line, Cos-l cells, and intestinal cells are, in 
contrast, well differentiated, and polarized epithelial cells, a 
possible role of proteolytic cleavage in the induction of con- 
formational alterations that are required by cellular compo- 
nents/receptors for a correct sorting of the LPH molecule to 
the brush border membrane, could not be investigated. 



* The abbreviations used aie: LPH, lactase-phlorizin hydrolase; 
BBM, brush border membranes; endo F/GF, endo-jJ-A^-acetylglucos- 
aminidase F/N-glycosidase P; TFMS, trifluoromethanesulfonic acid; 
TX-lOO, Triton X-100; PAGE, polyacrylamide gel electrophoresis; L- 
PHA-agarose, leukoagglutinating phytoai^lutinin-agarose; B-PHA- 
agarose, erythroag^utinating agglutinin-agarose; PBS, phosphate- 
buffered saline; TEMED, iV^,N',Ar'-tetramethylethyIenediamine; 
ER, endoreticulum. 



25494 



Attachment 



Impact of O'Glycosylation on LPH, 



25495 



LPH exhibits a unique pattern of developmental egression 
among brush border enzymes (Henning, 1981; Flat2, 1987). 
In most mammals, lactase activity is high at birth and during 
the suckling period when milk is the sole nutrient, but declines 
markedly after weaning to a low level that persists through 
adult life (Doell and Kretchmer, 1962, and for a review, see 
Kretchmer (1971)). However, lactase expression in North 
Europeans and their descendants and some isolated African 
tribes does not follow this developmental scheme; in these 
populations high levels of lactase activity persist into adult 
life. Although the pattern of hypolactasia per se suggests a 
mutation in regulatory elements in the lactase gene to be the 
underlying regulatory mechanism of lactase restriction (Sahi 
et al, 1973; Ransome-Kuti and Kretchmer, 1976), more re- 
cently, however. Sebastio et al (1989) and Freund et al (1989) 
proposed a regulatory mechanism for lactase expression that 
operates at the posttranslational level. These authors detected 
almost normal levels of lactase mRNA in adult enterocytes, 
although the levels of lactose-hydrolytic activity are low. A 
posttranslational regulatory mechanism in hypolactasia 
would suggest that the LPH molecule is intracellularly proc- 
essed to an enzyme that could be distinguished from function- 
ally normal LPH on the basis of enzymatic properties, trans- 
port competency, and correct sorting. Support for this hy- 
pothesis comes from recent investigations in biopsy specimens 
of individuals with adult hypolactasia (Sterchi et aL, 1990; 
Witte et al, 1990). These studies have shown that, in some 
cases, posttranslational modifications, e.g. glycosylation and 
proteolytic processing of pro-LPH, are impaired and a sub- 
stantial delay in the intracellular transport of the molecule is 
observed. Moreover, in vivo studies of the synthesis and 
assembly of rat intestinal lactase suggested that intracellular 
processing may be critical in the generation of an altered and 
inactive enzyme in adults (Quan et oL, 1990). 

One of the most important posttranslational covalent mod- 
ifications of secretory and integral membrane proteins is 
glycosylation (for reviews, see Komfeld and Komfeld, (1985); 
Hirschberg and Snider, (1987), and Roth, (1987)). A possible 
role of glycosylation on the f^mctional competency of brush 
border membrane gtycpproteins is suggested by the observa- 
tions that alterations in the sugar content of intestinal mi- 
crovillus membrane composition parallels the developmental 
pattern of the intestine. In the rat small intestine, for example, 
microviUar glycoproteins are rich in sialic acid residues only 
during the suckling period; at weaning, fucosylation starts 
and the sialic acid levels markedly decrease (Etzler and 
Brantstrator, 1974; Kottgen, et oL, 197^ Mahmmod and 
Torres-Pinedo, 1985; Mulivor et aL, 1978; Vockley et aL, 1984; 
Srivastava et al^ 1987). Furthermore, region-dependent vari- 
ations in the glycosylation pattern of brush border membrane 
proteins, such as LPH, have been observed (Cousineau and 
Green, 1980). More recently, lectin binding studies have sug* 
gested that the glycosylation pattern of LPH is not altered 
during development, except for a change in the sialic add and 
fucose contents (BQUer et aL, 1990). However, these studies 
do not exclude a possible change in the content of (7-linked 
sugar chains during intestinal development, since the lectins 
used to demonstrate the presence of 0-linked sugars bind also 
N-linked sugars making detecti.on of alterations in the 0- 
linked glycans difficult. 

Variations in the N' and 0-glycosylation pattern of brush 
border glycoproteins could also occur during the differentia- 
tion of intestinal celb and have influence on the structure, 
function, and intracellular transport of these proteins. This 
is supported by the observations that maturation or differ- 
entiation of the stem cells in the crypts gives rise to cells with 
distinct morphological, structural, and functional features 
(Gordon, 1989; Kedinger et aL, 1989; Neutra and Padykula, 



1984; Quaroni, 1989). For example, enterocytic differentiation 
is accompanied by variations in the levels of expression of 
several glycosyltransferases (Weiser, 1973a, 1973b; Kim etoL, 
1975; Weiser et oL, 1978; Taatjes and Roth, 1988) and of 
typical biush border glycoproteins, e,g, sucrase-isomaltaseand 
LPH (Kedinger et aL, 1989; Beaulieu et aL, 1989). 

In tiiis paper we investigated the 0-glycosylation of LPH 
and the impact of this covalent modification on the function 
of the enzyme. Using different approaches we show that brush 
border LPH exists in two forms, namely an N-glycosylated 
form and an N-/0-glycosylated form. Furthermore, both 
forms hydrolyze lactose at different rates with the N-/0- 
glycosylated form being enzymatically more active than tiie 
N-glycosylated enzyme. 

EXPERIMENTAL PROCEDURES 

Organ tissuo culture dishes 60 X 15 mm style with center well were 
obtained Uom Fslconi Division Becton, Dickinson and Co. Methio- 
nine-deficient and complete RPMl 1640 medium, ghicose^^ee Dul- 
becco's modified Eagle's medium, streptomycin* penicillin, and fetal 
calf serum were purchased from Gibco. D-l2,6-^HlManno8e (34 Ci/ 
mmol) was purchased from Amersham. C^JMethionine (>1000 Ci/ 
nunol) was purchased from Du Pont-New England Nuclear. Acryl- 
amide, i^,N'-methylenebisacjcylamide, sodium dodecyl sulfate (SDS), 
Tris, TEMED, ammonium persulfate» 2-mercaptoetkanol, dithiotbre- 
itol, and Triton X-lOO were obtained from Bio-Rad. Pepstatin, leu- 
peptin, benzamidine, aprotinin, molecular weight standards for SDS* 
polyaciylamide gel electrophoresis (PAGE), pea lectin-agarose, leu- 
koagglutinating phytohemagglutinin-agarosB (L-PHA-agarose), and 
eiythroagglutinating phytobemagglutinin-agarose (E-PHA-agarose) 
were purchased from Sigma. Endo-jS-Macetylglucosaminidase F (con- 
taining JV-glycosidase F (or N-glycanase), Catalog No. 878 740), 0- 
glycosidase (endo-a-N-acetylgalactosaminidase), neuraminidase 
(siatidase), and phenylmethonesulfonyl fluoride were obtained from 
Boebringer Mannheim. Protein A-Sepharose, Helix Pomatia lectin- 
Sepharose {H.pomatia lectin), Lens cuUnaris lectin-Sepharose, con* 
canavalin A-Sepharose (conA-Sepharose) were purchased from Phar- 
macia Fine Chemicals. Trifluoiomethanesxilfonic acid (TFMS), ani- 
sole, pyridin for ultraviolet spectroscopy, sodium deoxycbolate, 
acetyl-o-galactosamine, methyl-a-D-glucopyranoside (a-methylglu- 
co&ide), and methyl-a-D-mannopyranoside (a-methylmannoside) 
were obtained from Fluka AG, Buchs, Switzerland. All other reagents 
were of superior analytical grade. 

Biohgieal Materials and Imimmochemkal Reagents 

Human small intestinal mucosa (approximately 5-10 mg wet 
weight) were obtained from patients biopsied for diagnostic purposes. 
They appeared normal when examined by light microscopy and 
expressed normal levels of brush border disacchatidase activities 
(sucrase, 28-80 lU/g and lactase, 16-49 lU/g, determined according 
to Asp et aL (1975)). The usage of tissue was in line ^th the rules 
approved by the ethic^ conunlttees of the University Children's 
Hospital, Berne and the University Clinics, Dusseldorf 

Monoclonal antibodies against the human small intestinal brush 
border membrane hydrolases were a generous gift of Dr. H.-P. Hauri, 
Biocenter, Basel The mouse anti-human lactase-phlorizin hydrolase 
monoclonal antibody (anti-LPH) was a product of hybridoma HBB 
1/909/34/74 (Haun et aL, 1986) and was used in the form of ascites 
pr^red tzom hybri doma-bearing pristane-primed BALB/c mice. For 
immunoprecipiiations, 2-3 fi\ of the ascites fluid were added to 1 ml 
of 0.1 M sodium phosphate buffer, pH 8.1, and GO id of 60% protcm 
A-Sepharose suspension in phosphate-buffiered saline (PBS). After 1 
h at 4 *C, the beads were washed with phosphate buffer and used to 
isolate LPH. 

Biosynthetie Labeling of Biopsy Specimens with 
Radioactiue Precursors 

pSJMethionine — Biopsy spedmens were washed three times in 
methionine- fitee RPMI 1640 medium supplemented with streptomy- 
cin (100 ^ml), penicillin (100 unita/ml), and 10% dialyzed fetal c^ 
serum and placed on stainless steel grids in organ culture dishes 
(Browning and Trier, 1969). After preincubation in the same medium 
at 1 ml/biopsy specimen for 2 h at 37 *C in a CO} -f O3 (6;95, v/v) 
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incubator, the tissue was labeled with 150 tiCi of [^S]methiomne for 
6 h. After the labeling periods, the biopsy specimens were cooled to 
4 *C, washed three times in cold PBS anid homogenized with a Teflon- 
glass homogentzer in 1 ml of 26 mM TVis-HG (pH 8.1), 50 mM NaCl, 
and a mixture of protease inhibitors containing 1 mM phenylmeth- 
yUuUonyl fluoride, 1 fig of pepstatin, 5 /xg of leupeptin, 17.4 ftg of 
benzaroidine, and 1 ^g of apiotonin. This buffer is called homogeni* 
2ation buffer. The homogenates were either further processed diroctty 
for immunopredpitation or kept frozen at -20 "C until used 

i>-/2;6-*iyAfcnnMe— Biopsy specimens were prepared for labeling 
with 2>-[2,6-'H]mannosa as above, except that the medium used was 
glucose-frce Dulbecco's modified £agle*8 medium. Labeling was per- 
formed for 1$ h with 100 fiCi of the radioactive sugar. 

L cuUnaris Lectin and H. pomatia Lectin Chromatography of 
Detergent Extracts of BiosyntheticaUy Labeled Biopsy Specimens 

These experiments were performed essentially as described by 
Nairn et at (I9d8a, 1988b) for sucrase-isomaltase and maltase-glu- 
coamylase. Briefly, homogenates from biosynthetically labeled biopsy 
specimens were solubilized in 1% TX-XOO, sptm at 100,000 x g for 45 
min at 4 *C. The supernatant was run through lectin-Sepharose 
columns (1 ml), and Uie adsorbed material was elated with homoge- 
nidation buffer containing 0.5% TX-lOO and 60 mM a-methylman- 
nosi<te for the lentil lectin columns, and 10 mM N-acetyl-D-galactos- 
amine for the pomatia lectin columns. Aiiquota with the highest 
radioactivity were pooled and aulgected to immu]ioprecq>itation with 
anti-LPH-antibodies. 

H. pomatia Lectin Chromatography Detergent Extracts Brush 
Border Membranes, Immunopredpita^an^ and Enzyme Assoiya 

Brush border membranes (2 ml of Fraction n (Sterchi and Wood- 
ley, 1980), 2 mg/ml in PBS) were solubilized with 0^% TX-lOO for 1 
honlceandcentrifugedatlOO.OOOX^for 1 hat4 *C. The supernatant 
was subjected to H. pomatia Sepharose column that waa preequDi- 
brated with a buffer containing PBS and 0.5% TX^lOO. The flow- 
through fractions were assayed for LPH activity according to Dahlqv- 
ist (1968), and all fractions containing LPH activity were pooled 
(denoted flow>through fraction I). The ^coproteins that bound to 
the column were eluted with 10 mM A^-acetyl-D-galactosaminein PBS 
and 0.5% TX-lOO. Here again, all fractions containing LPH activity 
were pooled (denoted eluate I). The column was then extensively 
washed with PBS and 0.5% TX*100, and the chiomatography was 
repeated with flow-through fraction I to yield flow-through fraction 
II and eluate U. Flow-throu^ fraction n and eluate I (eluate II did 
not contain significant LPH activity, see Table I) were immunopre- 
cipitated with anti-LPH antibodies. The immunopredpitates were 
washed as described (Nairn et ol, 1987) except the first washing buffer 
did not contain SDS. After a final wash with PBS and 0.5% TX<I00, 
the immunoprecipitates were resuspended in 500 fd of the same buffer 
and assayed for lactase enzymatic activity using 25 ^1 of beads each 
time and various lactose concentrations (4-40 mM). The results were 
evaluated by Lineweaver-Burk plots. The remainder of the beads 
were analyzed by SDS-P A6K, and the LPH bands were idsualized by 
Coomassie Bhie staining (Fig. 3A). The bands were excised, ehited, 
and treated with endo F/GP essentially as described by Nairn et at 
(1988a). The treated bands were finaliy analyzed by SDS-PA6E and 
silver staining according to Merril et al (1981). 

IL pomatia Lectin Chromatogrophy of LPH and and 
O-Deglycosyiated LPH 

LPH was immunopurified from detergent extracts of brush border 
membranes (fraction II, 4 mg/ml)). The immunoprecipitates were 
eluted with 0.1 M Tris-HCl (pH 7.5) and 1% SDS and divided into 
two parts, one of which was treated with 0.5 units of endo F/GF. 
Both samples were precipitated with trichloroacetic acid to a final 
concentration of 15% (w/v). The pellets were washed three times zn 
ice-cold acetone at -20 *C, dried and dissolved in PBS containing 
1 % TX-lOO, and subjected to chromatography on H pomatia lectin* 
Sepharose. The bound material was eluted with 10 mM iV-acetyl-D- 
galactosamine, concentrated by trichloroacetic acid, washed with 
acetone, and subjected to SDS-PAG6. In another experiment, LPH 
tmmunoisolated from brush border membranes was digested with 0.5 
unit of endo F/GF and divided into two parts, one of which was 
further treated with trifluoromethanesulfonic acid (TFMS) (see be- 
low). Both samples were further prepared for H. pomatia lectin- 
Sepharose chromatography and SDS-PAGB as in the preceding ex- 
periment. 



Analysis of N-Linked Oligosaccharides on Lectin Columns 

D-{2,6-*HlMannoa6-Ub6led biopsy specimens were homogenized 
and the brush border membranes CBBMs) purified by the CaCl, 
procedure (Schmits et ai, 1973). The detergent-derived extracts of 
the BBMs were subjected to chromatography on H pomatia lectin- 
Sepharose as described above. UPH was immunopurified from the 
column through fractions and the column ehiatea and analyzed by 
SDS'PAGE on 5% slab gels. The LPH forma were visualized 1^ 
fluorograpahy and the bands excised and treated with Pronase to 
generate glycopeptides as described by Cummings et oL (1983). The 
glycopeptides were analyzed by sequential chromatography on 1-ml 
columns of ConA-Sepharose, E-PHA'agarose, pea lectin-agarose and 
L-PHA-agarose. The glycopeptides bound to ConA-Sepharose were 
first eluted with 10 mM a-methylglucoside and then with 100 mM or- 
methylmazmoaide. The glycopeptides bound to the pea lectin column 
were eluted with 100 mM a-metiiylmannoside. The flow rates were in 
all cases 5 ml/h. 0.5-ml fractions were collected, and 250 fd of each 
fraction were counted In a Beckman IS 9000 Scintillation counter. 

Degfycosylation of LPH ky TFMS 

After depletion of LPH molecules from N-linked. sugar chains by 
treatment with endo F/GF, the digestion products were precipitated 
with trichloroacetic acid, 15% (w/v), washed twice in ice-cold acetone 
at -20 *C, and subjected to TFMS according to Edge et aL (1981). 
To the pellet, 30 ^ of a preeooled mixture of TFMS and anisole (2:1, 
v/v) were added. Th^ vial was c^ped after bubbling Na through the 
solution and left for 2.5 h at 0 *C. The reaction was terminated by 
the addition of 125 id of pyridine/wafcer (4.1, v/v) in 10-pJ portiona. 
During this treatment the vial was immersed in a slurry of acetone/ 
diy ioe. The solution was precipitated with 3 volumes of ice-cold 
acetone and washed two timea with acetone. 

SDS-PofyacryhnUde Gel Electrophoresis 

One-dimensional electrophoresis was conducted in 5 or 6% poly- 
acrylamide slab gels containing 0.1% SDS according to Laemxnii 
(1970). Immunoprecipitates were dissolved in 80 mM Tria-HCl (pH 
6.8), 0.1 M dithiothreitol, 4% SDS, 10% glycerol, and OJn% brom- 
phenol bhie (sample buffer) at 100 *C for 5 min before layeriag onto 
the gel. The following Mr standards were used: myosin, 202,000; fi- 
galactoaidase, 118,000; phosphorylaae 6, 97,600; bovine serum albu- 
min, 68,000; and ovalbumin, 43,000. The gels were stained with 
(Doomassie Blue and destained Radioactively labeled proteins were 
visualized by autoradiography of dried gels on Kodak SO-282 films. 

Other Procedures 

Preparation of B6M vesicles from small intestinal mucosa (FIl- 
fraction), immunoprecipitations, and endo F/GF treatment were per- 
formed according to Naim et aL (1987, 1988a). Endo-cr-iV-acetylga- 
lactosaminidase (0-glycanase) and neuraminidase treatments of im- 
munoprecipitates were performed in 20 mM sodium-cittate^ 20 mM 
Tris-malate buffer (pH 6.0), and protease inhilntors essentially as 
described Matter et al (1989). In some experiments, endo F/GF 
treatments of immunoprecipltated proteins preceded neuraminidase 
and 0-glycanase digestions. Here, pellets corre^nding to the endo 
F/GF-treated proteins were washed extensively in acetone at -20 *C, 
dried, resuspended in neuraminidase and O-glycanase buffer, and 
digested with the eonesponding enzymes. 

RESULTS 

N- and O-Gbfcosylation of LPH 

The glycosylation pattern of mature, brush border LPH 
was investigated by three approaches: (i) enzymatic and chem- 
ical deglycosylalioD of LPH molecules, (ii) lectin binding of 
mature LPH and enzymaticalty and chemically deglycosylated 
LPH to H. pomatia lectin columns, and (iii) affinity chroma- 
tography of glycopeptides derived firom [%]manno8e>IabeIed 
LPH on lectin columns. 

Enzymatic and Chemical Deglycosylation trfLPH-^LPH was 
purified from detergent extracts of brush border membrane 
preparations and subsequently treated with a combination of 
endo-/?-N-acetylglucosanunidase F (endo F) and glycopepti- 
dase F (peptideiiV-glycosidase F) (GF). This mixture depletes 
LPH ftom its N-Uxiked oligosaccharides, since bi-, tri-, and 
tetraantennary complex, fiicose-substituted, hybrid, and high 
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mannose chains are cleaved (Elder and Alexander, 19S2; 
Plummer et aL, 1984). Fig. lA shows that endo F/GF digesfeion 
converted the Mr = 160,000 [lane /) to two distinct polypep- 
tides of Mr = 126,000 and 1 18.000 [lane 2). Higher concentra- 
tions of endo F/GF or prolonged incubation times did not 
result in any change in the double band pattern obtained 
(data not shown). We therefore conclude that the Af, = 
126,000 and 118,000 are the final products of deglycosylation 
of the N-linked sugars of LPH, and their generation is not a 
consequence of incomplete hydrolysis of the M, » 160,000 by 
endo F/GF. 

We have previously shown that treatment of biosyntheti- 
cally labeled LPH with endo F/GF has converted the M, ~ 
160,000 to a polypeptide of apparent molecular mass of 125 
kDa (Nairn et aL, 1987). The fact that a doublet is revealed 
in gels that were stained with Cooraassie Blue strongly sug- 
gested that the endo F/GF>form of biosynthetieally labeled 
LPH, Le, the Mr = 1254000 comprises more than one band 



and that these bands diffuse to one band due to prolonged 
treatjnent of the gel with fluorographic reagents used to 
enhance visualization of "S-labeled polypeptides. To test this 
possibility, LPH was purified from biopsy samples, which 
were biosynthetieally labeled for 4 h, and subsequently treated 
with endo F/GF and analyzed by SDS-PAGE and autoradi- 
ography instead of fluorography. Fig. 1J3 shows that biosyn- 
thetieally labeled LPH is characterized by two bands of Mr = 
216,000 and 160,000 (lane 2); the M, = 215,000 is the man- 
nose-rich precursor pro-LPH, while the M, = 160,000 is the 
cleaved mature LPH molecule (Nairn et al, 1987). Treatment 
of these forms with endo F/GP generated the unglycosyiated 
pro-LPH precursor (Mr = 200,000) and two bands correspond- 
ing to the A^deglycosylated LPH, the M, = 126.000 and 
118,000 [lane J). This result supports and extends those 
obtained with Coomassie Blue-stained gels and indicates that 
mature LPH, Le. the M, « 160,000 polypeptide, comprises at 
least two components with slight molecular weight difference 
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Fjc. 1. A, endo F/GF and TFMS 
treatment of brush border LPH. LPH 
was purified by immunoprecipttation 
from detergent extracts of Imish border 
membranes. The immunoprecipitates 
were treated with endo F/GF {lanes 2 
and 3), endo F/GF and TFMS ibnc 3), 
or not treated {iarie 1 ). The samples were 
analyzed by SDS-PAGE on 6% gels fol- 
lowed by Coomassie Blue staining. B, 
endo P/GP digestion of LPH purified 
from biosynthetieally labeled biopsy 
samples. Biopsy samples were labeled for 
4 h with l^SJmethionine, and the deter- 
gent extracts were unmunoprecipitated 
with anti-LPH antibodies. The immu- 
noprecipitates were treated (/one i ) or 
not treated {lane 2} with endo F/GF 
(/arte 7). The samples were analyzed by 
SDS-PAGE on 6% gels and autoradiog- 
raphy. The band indicated by the arrow 
could represent the cleaved profragraent 
of pro-LPH of approximately 76-S2 kDa. 
C, digestion of brush border LPH with 
neuraminidase and O-glycanase. LPH 
was purified as in A (lane I ) and digested 
with neuraminidase {lane 2) or with 
neuraminidase and O-glycanase {lane 3) 
and subjected to SDS-PAGB on 6% gels 
followed by Coomassie Blue staining. 
digestion of brush border LPH with endo 
F/GF and O-glycanase. LPH was puri- 
fied as in A {lane I) and digested with 
endo F/GF {Uxne 2) or neuraminidase, 
O-glycanase, and endo F/GF {lane 3) and 
subjected to SDS-PAGE on 6% gels fol- 
lowed by Coomassie Blue staining. 
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that give rise to two products after N-deglycosylation with 
endo P/GF. Further, the difference in the molecular weight 
of these two components could be due to a different glycosyl- 
ation pattern and varying contents of endo F/GF-resistant 
glycans with one of the components (represented by the M, 
= 126,000 product) being more glycosylated than the other. 

This possibility was examined by treatment of N-deglyco- 
sylated LPH. ie. the Mr = 126,000 and 118.000 with TPMS 
that efficiently cleaves 0-glycosyl bonds (Edge et ai, 1981). 

Fig. Ii4, lane 3, shows that this treatment has converted the 
iWr = 126,000 to M, = 118,000 indicating that the 126-kDa 
polypeptide carries 0-linked oligosaccharides. By contrast, 
the Mr = 118,000 is not 0-glycosyl at^d since no shift in its 
apparent molecular weight was observed- The fact that the 
Mr = 126,000 was converted to the Mr = 118,000 excludes the 
possibility that the molecular weight difference between these 
two species exists merely because the 126-kDa polypeptide is 
the endo F/GF product of a membrane-bound LPH, while the 
118-kDa band is the endo F/GF product of a truncated or 
membrane-anchor- free form of LPH. 

To corroborate these findings by a different approach and 
to further characterize the sugar chains in the LPH protein, 
LPH was purified from biosynthetically labeled biopsy sam- 
ples and treated with the enzymes neuraminidase, 0-glycan- 
ase, and finally endo F/GF. The digestion of the purified 
protein with neuraminidase is required if the substrate of 0- 
glycanase, Gal (1-3) GalNAc, is substituted by sialic acid. 
Fig. IC demonstrates that neuraminidase treatment did not 
generate a shift in the apparent molecular weight of the LPH 
molecule (lane 2). It is known that negatively charged sialic 
acid residues influence the mobility of glycoproteins on SDS- 
gels, and one would therefore expect to detect a difference in 
the apparent molecular mass if such residues have been re- 
moved. This is not the case with LPH strongly suggesting 
that sialic acid residues do not exist in the mature LPH 
molecule. Treatment of LPH with 0-glycanase generated a 
band of a slightly smaller apparent molecular mass than the 
untreated molecule (lane 3) demonstrating the existence of 
0-glycosidicalIy linked Gal/3(l-3) Gal N Ac sugar chains in the 
mature LPH molecule. The double band pattern observed 
upon treatment of mature LPH with endp F/GF, which com- 
prises the Mr = 126,000 and 118,000 components (Fig. ID. 
lane 2)? was converted to one single band of Mr - 118,000 
upon treatment of the doublet wth 0-glycanase (Fig. ID, lane 
3). This indicates that the M, - 126,000 carries 0-linked 
sugar chains while the Mr - 118,000 does not. Together, the 
enzymatic and chemical deglycosylation data demonstrate 
that mature LPH molecules are N- as well as 0-glycosylated 
and are not sialylated. The fact that two products of N- 
deglycosylation were revealed (Mr = 126,000 and 118,000) 
that were converted to one single species (Mr = 118,000) upon 
removal of 0-linked chains indicates the existence of two 
populations of mature LPH molecules: one of these is N- and 
O^glycosylated and is represented by the endo F/GF form at 
M, = 126,000 and a population of solely iV-glycosylated mol- 
ecules whose endo F/GF form is the M, = 118.000. These 
forms will be referred to throughout this paper as LPHn and 
LPHnvo 

Binding of LPH and N-Deglycosylated LPH to H. pomatia 
Lectin — To corroborate the 0-glycosyl ation data by a differ- 
ent approach, we examined the binding of LPH to H. pomatia 
lectin, which has specificity toward 0-linkcd GsdNAc and 
Gal-GalNAc structures (Hammerstrom et a/., 1977). Both 

^ Due to the heavy protein load in this Figure, it was not possible 
to obtain a good resolution of the double band. For a better electro- 
phorctic resolution of the doublet, refer to Fig. lA, Inne 2; Pig. IB, 
lane 1; Fig. 2A. lane 1: and Fig. 2B, lane 2. 
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Fig. 2. H, pomatia lectin chromatography of LPH and N- 
and O-deglycosylated LPH. A, LPH was purified from detergent 
extracts of brush border membranes and divided into two parts, one 
of which was treated with endo F/GF. Endo F/OF-treated and un- 
treated LPH were subjected to H, pomatia lectin chromatography, 
and the column eluates were analyzed by SDS-PAGE on b% gels and 
Coomassic Blue staining. Lane i, column eluates of endo F/GF- 
treated LPH; lane 2, column eluates of non-treated LPH. B, LPH 
was digested with endo F/GF and endo F/QF followed by TFMS 
treatment. The samples were loaded on H. pomatia column and the 
column eluates were analyzed by SDS-PAGE on 5% gels and Coo- 
massie Blue staining, lane h column eluates of endo F/GF- and 
TFMS-tieated LPH; lane 2, column eluates of endo P/GF-trentod 
LPH. Note that in this experiment the samples that were subjeaed 
to the lectm column were similar to those shown in lanes 2 and 3 of 
Pig. 

LPH and its iV-deglycosylated forms, z.c. endo F/GF-treated 
LPH were loaded on K pomatia lectin columns. As shown in 
Fig. 2A, both LPH (lane 2) and endo F/GF-treat«d LPH [lane 
1) specifically bound //. pomatia lectin since they were eluied 
ynih the specific sugar N-acetyl-D-galactosamine. In view of 
the high specificity of H, pomatia lectin in retaining O-linked 
glycosylated structures, the binding of LPH and its N-degly- 
cosylated products is indicative of an 0-glycosyIation of ma- 
ture LPH. The recovery of the Af, = 118,000 polypeptide in 
the eluates of the H. pomatia lectin column is probably not 
the consequence of binding of this polypeptide to the lectin 
perse, but due to its strong association with the 0-glycosylated 
Mr - 126,000. To examine this possibility, endo F/GF-di- 
gested LPH (containing the 126- and 118-kDa polypeptides) 
was treated with TFMS to produce the M, = 118,000, and the 
binding capacity of this species to H. pomatia lectin was 
studied. As shown in Fig. 2B, the 118-kDa species was not 
retained by the column (lane i), while the 126 kDa together 
with the 118 kDa species (as shown in Fig. 24) were recovered 
in the column eluates. This result demonstrates that the 118 
kDa species alone is not capable of binding to the lectin; the 
recovery of this species in the K pomatia lectin column eluate 
is indeed due to its strong association with the 0-glycosylated 
128-kDa polypeptide. 
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In essence, the lectin-bindhig experiments support and 
extend tlie data obtained with enzymatic and chemical degly- 
cosylation in showing that mature LPH is iV- and 0-gIyco- 
sy]ated. The fact that endo P/GF-forms of LPH (Le, N-linkcd 
sugars-depleted form) exhibited strong binding capacity to 
the lectin excludes the possibility that the binding of LPH to 
the lectin was due to possibly existing peripheral GlcNAc 
structures found on A'-linked oligosaccharides. 

Isolation of LPH,f and LPHsfo Affinity Chromatography 
on H, pomatia Lectin-Sepharose 

As shown above, mature LPH exists in at least two differ- 
ently glycosylated forms. By virtue of the high specificity of 
H. pomatia lectin for binding O-liuked GalNAC and Gal- 
GalNAc structures, we sought to separate iV-linked glycosy- 
lated forms of LPH (LPHn) from OViV-linked forms 
(LPHn/o) by affinity chromatography on pomatia lectin 
columns. Here, detergent extracts of highly purified brush 
border membranes (fraction FID were run through the col- 
umn, and the bound glycoproteins were eluted with N-acetyl- 
D-galactosamine. The detergent extracts, the flow-through 
fraction, the column washes, and the column eluates were 
assayed for lactase activity. As shown in Table I, the results 
of these measurements showed that the flow-through fraction 
contained approximately 38% of the total lactase activity that 
was subjected to the lectin column (464 of 1250 milUunits), 
11.5% (144 of 1250 milUunits) of the total lact^e activity 
represented nonspecifically bound lactase that was found in 
the column washes, and finally 52% of total lactase bound to 
H, pomatia lectin and was specifically eluted with N-acetyl- 
O-galactosamine (656 of 1250 miUiunits). To ensure complete 
depletion of H. pomatia lectin-binding glycoproteins, the flow- 
through fraction (464 units) was again run through the lecUn 
column. In this case, the proportion of lactase retained by the 
column was low (1.3%, 16 of 1250 units) indicating that the 
flow-through fraction is practicaUy devoid of 0-glycosylated 
lactase molecules. The first column eluates and the second 
column flow -through fractions were immunoprecipitated with 
anti-LPH and analyzed by SDS-PAGE and Coomassie Blue 
staining. As depicted in Fig. 3/1, the eluates contained an 
LPH molecule that has a slightly higher apparent molecular 
weight (lane 2) than LPH recovered in the flow-through 
fraction (lane 1 ). That these two bands were indeed differently 
glycosylated polypeptides was demonstrated by endo F/GF 
treatment As shown in Fig. ZB, LPH immunoisolated from 

Table I 

Affinhy chromatography of brush border membranes on H. pomatia 
lectin column 



Sample 



LPH activity* % total LPH activity 



BBM-deiergent extracts* 
Coluiim flow-through V 
Column wash^ 
Column eluates V 
Column flow-through 11^ 
Column eluates W 



milUunits 
1250 
464 
143 
656 
472 
16 



100 
38 
11.5 
52 
3d 
1.3 



* LPH activity was determined according to Dahlqvist (1968). 

* BBM were solubilized with TX-lOO end sodium deoxycholate, 
centrifuged, end the supernatant, denoted as detergent extracts, was 
further used for chromatography. 

' Material that did not bind the lectin column in the first chroma- 
tography. 

LPH activity was determined in washes corresponding to 2- fold 
the column volume; a third column wash did not contain LPH 
activity. 

Bound material was eluted with iV-acetyl -D-galactosamine; nil 
fractions containing LPH activity were pooled. 

^Second flow-through of material that did not bind to the column 
in the fiist chromatography (see *). 
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FiC. 3. >i,purificetionofN-glycosylatedLPH(LPHN)andN-and 
O-glycosylated LPH (LPHk/o) by pomatia lectiji chromatography 
and immunoprecipitatioit Detergent extracts of brush border mem- 
branes were subjected to H, pomatia lectin column. The flow-through 
iF,T.) and the column eluates (E) were immunoprecipitated with 
anti-LPH antibodies. Part of each imraunoprecipitate was subjected 
to SDS-PAGE analysis on 5% gels followed by Coomassie Blue 
staining; the remainder of the beads was assayed for LPH enzymatic 
activity (see Fig. 4). Lane 1, LPHn recovered in the colunin flow- 
through fraction: lane 2, LPHn/o found in the column eluates. B, endo 
F/GP-digcstion of LPHj* and LPHk/o- LPHn and LPHn/o identified 
by Coomassie Blue staining in A were excised, eluted, and treated 
with endo F/GF. Lane U endo P/GF-treated LPHn; l<me 2. endo F/ 
GF-treated LPHk/o. 

the flow-through fraction was converted upon endo F/GF 
treatment to the Mr = 118,000 polypeptide (lane 1) while the 
M, = 126,000 was generated from LPH that was retained by 
the H. pomatia lectin column (lane 2), These findings support 
the results obtained with the enzymatic and chemical degly- 
cosylation experiments and provide an unequivocal evidence 
for the existence of two populations of brush border LPH, the 
LPHn and LPHn/o molecules* The isolation of two LPH 
polypeptides from brush border detergent extracts indicates 
that these two components are not associated, or if at all» 
weakly associated with each other in contrast to the associa- 
tion of their iST-deglycosylated species (see Fig. 2, A and B), 

LPHn and LPHn/o Hydrolyze Lactose with Different 
Reaction Kinetics 

To assess the impact of different glycosylation patterns on 
the function of LPH, we purified LPHn and LPHs/o by H. 
pomatia lectin chromatography and determined the kinetics 
of lactose hydrolysis. Anab'sis of the data by Lineweaver- 
Burk plots (Fig. 4) indicated that the different glycosylation 
patterns of LPH have indeed influenced the reaction kinetics 
of the two LPH glycoforms. While both forms have almost 
similar values (14.27 mM for LPH.v and 13.96 mM for 
LPHn/o) the rate of lactose hydrolysis by LPHn/o ( Vn,a» = 
3,28 nM/min) (panel A) was found to be almost 4-fold that of 
lactose hydrolysis by LPHn ( V„«, = 0.903) (panel B) indicat- 
ing that N' and 0-glycosylated LPH is enzymatically more 
active than the solely /^-glycosylated molecule. These findings 
strongly suggest that 0-glycosylation of LPH has affected and 
increased the rate of lactose hydrolysis by LPHnvo. It should 
be mentioned that the proportions of LPHn/o and LPHn in 
the total LPH j)rotein varied from one brush border mem- 
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Fig. 4. Comparison of the enzymatic activities of LPH^ and 
LPHk/o> LPHn and LPHs;o were purified by immunoprecipitaUon 
from column etuates and column flow-throu^ of H. pomaiia lectin 
chromatography. The immunoprecitates were assayed for enzymatic 
activity using different concentrations of lactose as substrate. Panels 
A and B show Lineweaver-Burk analyses for LPH.s/o and LPHn. 
respectively. 

brane preparation to the other, thus reflecting heterogeneities 
in the glycosylation patterns of LPH purified from different 
individuals.^ Nevertheless, in all these experiments molecular 
weight shifts as well as variations in the reaction kinetics 
between LPH.ma) and LPHk» similar to those shown above, 
were observed. 

Analysis of N-linked Chains of LPHn and LPHy/o 

The observed variations in the enzymatic activities of 
LPHn/o and LPHn strongly suggested that 0-linked glycans 
are implicated in the function of LPH. This could be by 
inducing alterations in the conformation of the LPH molecule 
near or at its catalytic site. Alternatively, the presence of 0- 
linked sugar chains in the LPHn/o molecule may have altered 
the processing of its own N-linked chains generating an 
glycosylation pattern that differs from that in LPHn and that 
this different N-glycosylation pattern may have contributed 
to the observed variations in the enzyme kinetics of LPHk/o. 
To examine the latter possibility, the patterns of asparagine- 

' H. Nairn, manuscript in preparation. 
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Fig. 5. Labeling of LPHn and LPHn/o with [*H]mannosB. 
Biopsy samples were labeled for 18 h with |^H] man nose and homog- 
enized. The brush border membrane fraction was purified by the 
CaClt procedure, solubilized, and subjected to affinity chromatogra- 
phy on H. pomatia lectin-Sepharose, The column flow-through and 
eluates were independently immunoprecipitated with monoclonal 
anti-LPH antibodies and the immunoprecipitates analyzed by SDS- 
PAGE on 6% geJs followed by fluorography. Lane /, LPH immuno- 
precipitated from the column flow-through fraction {LPHs)\ lone 2, 
LPH immunoprecipitated from the cohmin eluates iLPH,w/o)' F-T. = 
flow-through. 

linked oligosaccharides of both LPHn/o and LPHn were com- 
pared by serial affinity chromatography of the corresponding 
glycopeptides on lectin columns. 

Here, biopsy samples were labeled with pH]mannose for 18 
h and tiie brush border membrane fractions were purified to 
retain the mature LPH molecule. The LPHn/o and LPHn 
species were then purified from the BBM fraction by affinity 
chromatography on K pomatia lectin column as described 
above (see Fig. 3A) followed by immunoprecipitation of the 
column eluates and column flow-through with anti-LPH an- 
tibodies. Fig. 6 shows that both LPH forms were labeled with 
pH]mannose {lanes 1 and 2) and that the LPHn/o molecule 
was recovered in the eluate fractions of the if. pomatia column 
(lane 2) while the slightly smaller LPHn form was found in 
the flow-through fractions {lane J), The bands corresponding 
to each form, ie. LPHk/o and LPHn were excised and digested 
with Pronase to generate glycopeptides that could be analy2ed 
by lectin affinity chromatography. 

Fig. 6, panel A, shows the pattern obtained after chroma- 
tography of glycopeptides corresponding to [^jmannose- 
LPHn on ConA-Sepharose. Most of the labeled glycopeptides 
(83%)* did not bind to the ConA column and were recovered 
in the flow-through fractions {peak I A) while 1% bound to 
the lectin and were eluted with 10 mM a-methylglucoside 
(peak IIA) and 10% were eluted with 100 mM of-methyhnan- 
noside {peak IlIA), It is known that ConA binds biantennary 
complex type N-linked oligosaccharides that can be eluted 
with a-methylglucoside and certain hybrid-type of iV-linked 
glycans as well as mannose-rich chains that can be eluted 
with 100 mM cr-methylmannoside (Krusius cl., 1976; Kom- 
feld et al, 1981). This indicates that 1% of the oligosaccha- 
rides on the mature LPHn molecule are of the biantennary 
complex type and 10% are either hybrid type or mannose- 

* The values given represent the proportion of each peak in the 
total 'H-mannoae*dcrived radioactivity in the LPHk molecule. 
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Fig. 6. Sequential affinity chromatography of glycopeptides derived from [^Hlmannose-labeled LPHh on lectin columns. 
The band corresponding to LPHi^ in Rg. 6 was excised and g^opcptidea were prepared by digestion with Pronaae. The glyoqpeptides were 
Bequentielly fractionated by affinity chromatography on ConA-Sepharose {panel A), E-PHA-agarose {panel B), pea lectin-agaroae {panel C), 
and L-PHA-agarose {panel D). The material bound to the ConA-column was ehited with 10 mM a-methylglucoside {peak IIA, panel A) and 
100 mM a-methylmannoflide {peak IIIA, panel A). The flow-through fractiona represented by peak lA in panel A were subjected to 
chromatography on E-PHA-agaiose and two peaks were generated, IVA and VA {panel B). Peak IV A was further fractionated on pea lectin- 
agarose column The bound material was eluted with 100 mM a-methyhnannoside {peak VUA) {panel C), while the flow-through {peak VIA] 
was sufagected to chromatography on L-PHA-agarose column {panel D), The arrows indicate the positions at which lectin-specific sugars 
were added to elnte-bound ^copeptides. 



Table 11 

Fractionation ofAen-Unhed oUgosacehcrides of LPHn ond PHsfo 

lecUn affinity chromatography 





Peaks' 


% in LPHh' 


Peaks* 


%inLPHH/o^ 


ConA 


lA 


83 


IB 


81 




IIA 


7 


HB 


8 




lUA 


10 


lUB 


11 


E-Pha 


IVA 


59 


IVB 


57 




VA 


24 


VB 


26.5 


Pea 


VIA 


44 


VIB 


42 




VHA 


14 


VlIB 


15 


L-Pha 


vraA 


44 


VUIB 


42 



"See Fig. 6. 
*See Fig. 7. 



rich. This is consistent with previous data which demon- 
strated that the mature LPH molecule is partially sensitive 
to endo H treatment (Nairn et aL, 1987) indicating the exist- 
ence of either mannose-rich or hybrid type chains in the 
mature LPH molecule. It was not possible to further analyze 
the two peaks (IIA and IIIA) due to their low radioactive 
contents. The glycopeptides in peak lA were further analyzed 
on an E-PHA-agarose column. Two populations of glycopep< 
tides were revealed which had different binding affinities to 
the E-PH A lectin (Fig. 6, panel B). The glycopeptides in peak 
VA (24%) were retarded in their elution profile since they 
have interacted with the E-PHA lectin column with a high 
affinity. Therefore, these glycopeptides contain biantennary 
oligosaccharides which have outer galactose residues and an 
GlcNAc residue linked 01 »4 to the /3-Iinked mannose residue 
in the core (Cummings and Kornfeld, 1982). The glycopep- 



tides in peak IVA (59%) were next applied to a column of 
pea-agarose (Fig. 6, panel C). Pea lectin binds triantennary 
oligosaccharides which contain internal fucose residues 
(Kornfeld et cL, 1981). Approximately 14% of the glycopep- 
tides bound to the column (peak VlIA) and were eluted with 
10 mM oc-methylglucoside indicating the presence of trianten- 
nary oligosaccharides in the LPHn molecule which have a 
fucose linked to the GlcNAc residue in the core. The remain- 
der (about 44%, peak VIA) was applied to a column of L- 
PHA (Fig, 6, panel D), One single peak was revealed starting 
at fraction 11 {VIIIA) and hence had a retarded elution 
position (compare with the flow-through fractions in Fig. 6, 
panels A-C, all of which elute as early as fraction 4 or 5 on a 
similar sized agarose column). This result strongly suggeste 
that the glycopeptides contained in peak VIIIA had a high 
affinity to the lectin. In view of the specificity of L-PHA 
lectin in interacting with tri- and tetraantennary glycopep- 
tides that contain outer galactose residues and an a-linked 
maimose substituted at positions C-2 and C-6 and have or do 
not have internal fucose residues (Cummings and Kornfeld, 
1982), we conclude that the LPHn molecule contains these 
types of glycopeptides. Table II summarizes the lectin frac- 
tionation experiments and deplete the proportions of the 
various types of glycopeptides in the total LPHn molecule. 

The fractionation patterns of the Asn-Unked sugars in the 
LPHn/o molecule were similar to those of the LPHn molecule 
(Fig. 7 and Table II). Thus, the proportion of biantennary 
oligosaccharides represented by peak UB was 8% (Fig. 7, 
panel A) and that of biantennary glycans having an AT- 
acetylglucosamine linked /Jl,4 to the core mannose was 26.5% 
{peak VB, Fig. 7, panel B), Triantennary oligosaccharides 
with outer galactose residues and internal fucose residue 
constituted about 15% of the total [%]maxmose-derived ra- 
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Fig. 7. Sequential affinity chro- 
matography of glycopeptides de> 
rived from (^HJmauaose*labeled 
hPHftjo on lectin coliunns. The same 
procedure was followed as in Fig. 6, ex- 
cept that glycopeptidee derived from 
(^Hlmannose-iabeled LPH^/o (Fig. 5» 
lane 2) were used. 
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dioactivity (peak VIIB, Fig. 7, panel C), while the proportion 
of tri- and/or tetraajitennary oligosaccharides containing 
outer galactose residues, an a-mannose substituted at posi- 
tions C-2 and C-6, and with or without an internal fiicose was 
about 42% (peaks VIB and V7//B, Fig. 7, panels C and D, 
respectively). Finally, 11% of the total racfioactivity in the 
LPH molecule were found as mannose-rich or hybrid type 
glycans (peak IIIB^ Fig. 7, panel A). In view of the similar 
fractionation patterns, our results strongly suggest that the 
number and ^e of N-linked oligosaccharides, and hence the 
jV-glycosylation patterns in LPHn/o «D.d in LPHn> are iden- 
tical. Therefore, 0-gIycosylation of LPHha> not influence 
the processing of the iV-linked sugars in Uiis molecule. 

O-Glycosylation of LPH Occurs in the Qolgi Apparatus 

To determine at what stage of processing, Le. in the EE or 
in the Golgi apparatus, the 0>glycosylation of LPH does occur, 
lectin-binding experiments and deglyco^lation of mannose- 
rich LPH precursors with endo F/GF and TFMS were per- 
formed. 

Lectin-binding fxpenmcnts— Biopsy sanqples were labeled 
for 6 h with ["SJmethionine, and the detergent extracts were 
subjected to chromatography on H, pomatia lectin or Lens 
cuiinaris lectin cohimns. The rationde of this experiment is 
that at this stage of labeling both the earliest det^rtable form 
(Mr 215,000) as well as the mature subunit (M, 160,000) are 
strongly labeled, and the binding of early forms to K pomatia 
lectin could imply that O-glycosylation of LPH occurs co- 
translationally or in the BR. On the other hand, by virtue of 
its specificity toward mannose residues, L. cuUnaris lectin 
(Sharon and Lis, 1972) should retain both the mannose-rich 
LPH precursor as well as the complex glycosylated LPH 
molecule that contains also some mannose residues. In fact, 
as shown in Fig. 8A, immunppredpitation of the L. cuiinaris 
lectin eluates with anti-LPH antibodies revealed both Ike 
mannose-rich precursor, the « 215,000, and the mature 
complex glycosylated form, the M, = 160,000 {lane 2). By 
contrast, the H. pomatia lectin eluates contained only the 
complex glycosylated form (lane 1 ). Longer exposure of the 
gel did not reveal any bands corresponding to the mannose- 



rich precursor (not shown). The results indicate therefore 
that the earliest detectable form of LPH, the M, = 215,000. 
does not contain (^-linked GalNAc or Gal-GalNAc structures 
that would bind to H. pomatia lectin. 

DegfycosyUuion of the Mannose-rich LPH Precursor— To 
support the results obtained with the lectin-binding experi- 
ments, we performed enzymatic and chemical deglycosylation 
of the mannose-rich LPH precursor. In these experiments, 
biopsy samples were biosyntiketically labeled for 1 h with (^Sj 
methionine. Within this period of time, only mannose*rich 
LPH precursor forms become labeled (Naim et oL^ 1987). The 
M, » 215,000 was immunopiecipitated from detergent ex- 
tracts of the biopsy samples and treated with endo F/GF to 
deplete all ^-linked glycans and with endo F/GF followed by 
TFMS to determine whether 0-linked glycans were present 
on the LPH precursor. As shown in Fig. SB, no size difference 
could be observed between the endo F/GF«treated (lane 3) 
and the endo F/GF/TFMS-treated precursor (lane 2), If the 
addition of O-glycosidically linked carbohydrate had occurred 
in the ER, then TFMS should have produced a reduction in 
the size of the endo F/GP-treated LPH precursor. This shift 
should be at least similar to the Mj dt^erence observed on 
treatment of LPHn and LPH^^o with endo F/GF and should 
correspond to the size of 0-linked sugar chains (8,000 dal- 
tons). Such a shift would be clearly detectable in our gel 
system, but this was not the case. Assuming that O-glycosyl- 
ation ensues in the ER by addition of 0-linked GalNAc 
residues and that fiirther modification takes place in the Gk>lgi 
apparatus, one should be able to detect mannose-rich LPH 
precursors bound to H, pomatia lectin, which again was not 
the case (Fig.SA). 

Taken together, the lectin-binding experiments and the 
deglycosylation data provide evidence that the Mr = 215,000 
is devoid of 0-linked sugar chains. Since the mature, complex 
giyco^lated LPH molecule, the M, = 160,000, is 0-glycosy- 
lated, while the mannose-rich precursor, which is the earliest 
detectable LPH form, is not, we conclude that the O-glyco- 
sylation event of LPH occurs in the Golgi apparatus. These 
results are consistent with previous findings that have shown 
that O-glycosylation of two other brush border glycoproteins, 
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Pig. 8. Mannoserrich pro-LPH is not 0-glycosylated. A, 
binding of precursor (pro-LPH) and mature LPH forms to L. culinari^ 
and H. pomatia lectins. Biopsy samples were biosynthetolly labeled 
for 6 b, homogenized, and solubaized with 1% TX-IOO. The detergent 
extracts were divided into two equal samples and passed through L. 
culinam lectin or H. pomatia lectin columns. The columns wore 
eluted Willi the sugars specific for these lectins, and the eluates were 
immunoprecipitated with anti-LPH antibodies. The precipitates were 
analyzed by SDS-PAGE on 5% gels and autoradiography, tane 2, 
LPH immunopreeipitated from eluates of the H. pomatia lectin 
column; lane 2» LPH immunopreeipitated from eluates of the L. 
culinam lectin column. HPL, H. pomatia lectin; LCJU L. cuUnaris 
lectin, fit deglycosylation of the mannose-rich LPH precursor with 
endo F/GF and TFMS. Bi(H>6y samples were biosyntheticaliy labeled 
for 1 h, and LPH was immunopreeipitated from the detergent extracts 
with anti-LPH antibodies. The immuaoprecipitate was divided into 
three equal pates, one part was treated with endo F/6F (Jones 2 and 
5), another part was treated with endo P/GF and TFMS {lane 2), 
and the third part was not treated witli these reagents {lane I ). The 
samples were analj'xed by SDS-PAGE on 5% gels and autoradiogra- 
phy. fMne I, pro-LPH; lane 2, endo F/GF- and TFMS-t«ated pro- 
LPH; lane 3, endo F/GF-treated pro-LPH. 

sucrase-isomaltase (Nairn et aLy 1988a) and maltase-glucoa- 
mylase (Nairn et al., 1988b) occurs In the Golgi apparatus. 

DISCUSSION 

In this paper, we investigated the glycosylation pattern of 
human intestinal LPH with particular emphasis on the 0- 
glycosylation events. Two major findings emerged from these 

studies. 

(i) LPH is found in the intestinal mucosa in two distinct 
forms, an N- glycosylated (LPHn) and an N- and 0-glycosy- 
lated (LPHnvo) species. These two forms could be discrimi- 
nated on the basis of their binding capacity to H. pomatia 
lectin. The fact that native LPHn and LPHn/o could be 
separated by column chromatography on H. pomatia lectin 
indicates that they are not strongly associated with each other 
in contrast to their iV-deglycosylation products. The result 
therefore suggests that the fEiilure of LPHn and LPHn/o to 
associate or form dimeric structures could be conferred by the 
bulky carbohydrate side chains on these glycoforms prevent- 
ing their interaction. 

(ii) The N-/0-glycosylated LPH form hydrolyzcs lactose at 
a rate faster than the iV-glycosylated molecule suggesting that 
0-glycosylation of LPH generates a more efBcient and more 



active enzyme. This could be due to either gross alterations 
in the three-dimensional structure of the enzyme or to alter- 
ations of charge at the active site of LPHn/o- An effect of 0- 
glycosylation on the processing of A'-linked oligosaccharides 
in the LPHn/o molecule that could lead to variations in the 
enzymatic activities of LPH could be excluded since the 
patterns of the iV-linked oligosaccharides of LPHsyo and 
LPHn are similar as deduced from lectin-affinity experiments 
of glycopeptides of both forms. 

These findings raise questions related to the possible mo- 
lecular mechanisms that lead to the generation of these two 
forms. Since the intestinal mucosa harbors a heterogeneous 
population of intestinal cells that vary in their degree of 
differentiation, and since 0-glycosylation of LPH forms oc- 
curs posttranslationally in the Golgi, we propose that the 
processing of the LPH precursor to either LPHn or LPHn/o 
is closely associated with the differentiation state of the 
intestinal mucosal cells and with the level of expression of 
the Golgi transferases (e.g. N-acetylgalactosaminyltransfer- 
ase or galactosyltransferases) that are responsible for the 
addition of 0-linked sugar chains to potential 0-glycosylation 
sites In the LPH molecule. Support for this hypothesis comes 
from several investigations, which have correlated alterations 
in the carbohydrate structure and composition of many gly- 
coproteins with the differentiation of the cells that express 
these glycoproteins (Peizi, 1985; Fukuda, 1985). For example, 
the differentiation of proliferative crypt cells to mature epi- 
thelial cells and the postnatal development of the small intes- 
tine are known to be accompanied by variations in the levels 
of expression of several glycosyl-, galactosyl-, sialyl-, and 
fucosyltransferases (Weiser, 1973a, 1973b; Etzler and Bran- 
strator, 1974; Kim et al, 1976; Kottgen, et o/., 1976; Mulivor 
et aLy 1978; Vockley et a/., 1984; Mabmmod and Torres- 
Pinedo, 1985; Srivastava et at., 1987; Taatjes and Roth, 1988; 
DaU'olio et oL, 1990). Along these lines it is reasonable to 
assume that a gradient of LPHn and LPHn/o expression from 
crypts to villus tips exists that parallels variations in the 
expression of N-acetylgalactosaminyl- and galactosyltransfer- 
ase along the same axis. Due to uncertainties regarding the 
levels of these transferases along the ciypt-villus axis, we do 
not know which of the two forms, i.e. LPHn and LPHn/o 
prevails in the villus and in the cr>'pt 

Cur results are particularly interesting in view of the cur- 
rent hypotheses (Freund et al, 1989; Sebastio et c/., 1989) 
which assume that the decline in lactase activity in adulthood 
is partially conferred by posttranslational modifications of 
precursor LPH forms. Along these lines, our findings offer 
one possible posttranslational modification, le, 0-glycosyla- 
tion that influences lactase activity. Several studies have 
shown that age and cellular differentiation in the intestinal 
mucosa elicit changes in the glycosylation of bnish border 
membrane glycoproteins, with die significant shift of sialic 
acid to fucose being the most- prominent sugar modification. 
In fact, we could show here that the LPH molecule does not 
bear sialic acid residues as assessed by the failure of neura- 
minidase to change the electrophoretic mobility' of LPH. By 
contrast, sequential affinity chromatcgraphy of glycopeptides 
derived from ['Hlmannose- labeled LPH on lectin columns 
demonstrated that several bi-, tri-, and tetraantennary N- 
linked oligosaccharide chains in both forms of LPH contain 
internal fucose residues. A clear role, if any. for the shift from 
sialic acid to fucose in affecting the levels of the LPH enzy- 
matic activities remains to be established. 

ISiueh less is known about the 0-glycosylation of LPH and 
the implication of this processing event in the fianction of the 
enzyme. Our data suggest a role for O-glycosylation in increas- 
ing lactase activity. More recently, lectin binding studies have 
suggested that the composition of the core N- and 0-linked 
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carbohydrate side chains of LPH remains constant during 
postnatal development of the rat small intestinei suggesting 
that variations in the glycosylation pattern of LPH do not 
influence LPH activity (Bulier et aL, 1990). However, the 
experimental approach used in these studies did not permit 
the separation of possibly existing different forms of LPH 
displaying slight differences as shown in our study. More- 
over, the lectin used for the identification of 0-linked sugar, 
soybean lectin, recognizes galactose residues (Lis et oL, 1970) 
that are usually found on both ^-linked as well as on 0- 
linked sugar chains (Kornfeld and Komfeld, 1985; Roth, 
1987). It is therefore likely that changes in the glycosylation 
pattern, in particular 0-glycosylation pattern, of LPH during 
development could not have been ^tected by this lectin. 
Consequently, a possible role of Q-glycosylation in the decline 
of LPH activity during development can not be excluded. 

Recent data from our laboratory have also shown that the 
sucrase, but not the iaomaltase subunit of the sucrase-isomal- 
tase enzyme complex, displays heterogeneity in its O-glyosy- 
lation pattern (Nairn et ol, 1988a). As in the case of LPH, it 
appears that similar molecular mechanisms are involved in 
generating the differential 0-glycosylation pattern of sucrase 
that presumably depend on the differentiation state of intes- 
tinal cells. However, we do not know whether variations in 
the en^atxc activity of sucrase parallel its different 0- 
glycosylated varianta. 

In essence, the identification of two forms of brush border 
LPH that differ in their enzymatic properties as well as 0- 
linked glycosylation indicates that 0-linked carbohydrate 
chains are critically important in the function of LPH. This 
is in line with several studies of the functional role of sugars 
on particular molecules (Olden et dL, 1982). 



Asp, N. G., Gudznand-H^, B., Andftnoa, R, Berg; N. 0., and Dalilqvist, A. 

(1975) Scond. J. QastroenUnL 10, 647-661 
Beaulieu, J. F.» Nichols, B., and Quajoni, A. (1989) J. Biol Chem. 264. 2QQ00- 

20011 

Browning, T. H., and Triar. J. S. (1969) J. Clin. Ino^t 4B, 1423-1432 
BuUer, H. A,, Van Waaaanaer, A. G., Radiavan, Montgomeiy, R. K.» Sybicki* 

M. A., and Grand, R J. (1989) AnCjTPhysioL 267, C816-G623 
BGller, H. A^ Rings. E. H. H. M.. P»krt, Montgomery, R. and Grand, 

R. J. (1990) OasmwnlenrfcHy 98. 667-^75 
Colombo, V..Lorans-Meyar, H. and Semenza, G. (1973) Bioehem. Bidphy$. Acta 

317. 412-424 

Cousineau. J. and Green. J. (1S80) Bioclum. Biophys. Acta 616. 147-157 
Cummings. R. D.. and Komfeld, (1982) J, Biol Chem. 257. 11230-11234 
Cummings. R Komfeld, S., Schneider. W. J.. Hobgood. K. K.. ToUeahaug, 

H., Brown. M. S., and Goldiitein. J. L. (1983) J. Chem. 258, 15261- 

16273 

DahlqvisLA. (1968) AnaL Biochem. 22, 99-107 

DairoJio. P.. Malagolii^ N^Di Stafeno. G^ Giambella, M., and Serafini-Ceaai, 

F. (1990) Bioehem. J. 270, 519-524 
Danielaen, & Skovlyerg, H> Koien. O.. and Sjastrdm, H. (1984) Buxhein. 

Biophys. Re$, Commwu 122. 82-90 
DoeU. a G.. and Kretchmer. N. (1962) Bhehenu Biophys. Acta 62, 343>362 
Edge. A. S. R. Faltynek. a R. Hof. L.. Keicbert, L B., Jr., and Wabcr, P. 

(1981) ilnal Bioehem. 118, 131-137 
Elder. J. H., and Alexander. S. (1982) Pne. NatL Acad. ScL (/. S. A. 70, 4540- 

4644 

Etzler. M. E.. and Brantstrator. M. L. (1974) J. CeaSioL 62, 329-343 
Feizt. T. (1985) Hatun 314. 53-57 



FlaU. G. (1987) Adff. Hum, GeneL 16, 1-77 
FVeund. J. N.. Duluc. U and Ra\il. F. (1989) FEBS Lett 248, 39-42 
Fubida. M. (1985) Biochim. Biophys. Acta 780, 119-150 
Gordon. J. I. (1989) J. CeU BioL 108, 1187-1194 

Hammentr&n. S., Muiphy, L. A.. Goldstein. L and Etaler, M. R (1977) 

Biochemistry 16, 2750-2755 
Houri. H. P., Sterchi. B. E., Bieoz. D.. Fransen. J. A. M.. and Maixar, A. 0985) 

J.CfitfBioiL 101,83ft-851 
Henning, S. J. (1981) Am. J. PhysioL 241, G199-G214 
HirscbberR, C. B^ and Snider. M. D. (1987) Annu. Rev, Bioehem. 66, 63-87 
Kedinger. M.. Rocbetta-Egly. C. Simon -Aaamann, P.. Bouziges. F., and Haffen, 

K (1989) in Mammalian Brush Border Proteins (X^nUe, M. J., and Sterchi, 

E. E., eda) pp. 111-120, Thieroa, Stuttgart 
Kim. Y. S.. Perdomo. Ochoa. P., Isaacs, R A. (1975) Biochim. Biophys. Acta 

391,39-60 

Kdttgen. E.. Reuter, and Gerok, W. (1976) Bioehem. Biophys. Bes. Commun. 
72, 61-66 

Komfeld. K.. Reitman. M. L.. and Komfeld. R (1981) J. BioL Chem. 256, 
6633-6640 

Komfeld. R. and Komfe!d, S. (1985) Annu. Bev. Biockem. 54, 631-664 
Kretchmer. N. (1971) GostroenUroUigy ^1, 805-813 
Krusiua. T., Finne. J., and Rauvak. H. (1976) FBBS lett 71, 117-120 
LaeinmlL IJ. K. (1970) Nature 227. 680-685 

Lift. H.. Sela, B.-A^ Sachs, U, and Sharon. N. (1970) Biochim. Biophys. Acta 
211,582-585 

Mahoimod, A» and Torzes-Pinedo. R (1985) Pediatr. Res. 19, 899-902 
Mantai, Nm Villa. M» Enzlar, T.. Waekar. H. Boll. W.. James, P., Hunsiker. 

W.. and Senien2a. G. (1988) EMBOJ. 7, 2705-2713 
Matter. R. McDowell, W., Schwartz. R T., and Hauri. H.-P. (1989) J. BioL 

Chem. 264, 13131-13139 
Merril, C. R. Goldman, D., Sedman, a A., and Ebert. M. H. (1981) Science 

211. 1437-1438 

MuUvor, R. A.. Hannlg. V. L.. and Hairia. H. (1978) Proe. NatL Aead. ScL 

a 5. A. 76. 3909-3912 
Nairn. H. Y., Sterchi, E. E.. and Lenta. M. J. (1987) Bioehem. J. 241, 427- 

434 

Naim. H. Y.. Starchi, B. R. and Lentse, M. J. (1988a) </. BioL Chem. 263, 
7242-7253 

Naim. a Y.. Sterchi. E. E., and Lentze, M. J. (1988b) J. Biol Chem. 263, 
19709-19717 

Nairn. H. Y., Lacay. S.. Sambrook. J. P^ and Gethin& M. J. K. (1991) J. Biol 

Chem. 266, 12313-12320 
Neutra, M., and Padhrkula. H. A. (1984) in Modem Concepts of Gastrointestinal 

Histology (Weiss, L., ed), pp. 658-706. Ssevier Science Publishing Co. Inc. 

New York 

Olden. R, Parent. J. B., and White. S. L. (1982) Biochim. Biophys. Acta 660, 



Plnmmer. T. H.. Jr^ Elder. J. H.. Alexander, 8., Phelan, A. W.. and Tanntino. 

A. L. (1984) J. BwL Chem. 259, 10700-10704 
Quan, R.. Santiago. A., Tsuboi, K. K., and Cm, M. (1890) J, BioL Chem. 
266. 15882-l3s88 

Qiujtmi, A. (1989) in MammaUan Brush Border Proteins (Lentze. M. J., and 
Sterchi. R E., eds) pp. 101-110, Thieme, Stuttgart/New York 

RanBome-Kuti, O.. and Kretchmer. N. (1976) GastroenUrology, 68, 431--436 

Roth. J. (1987) Biochim. Bimhys. Acta 906, 405-^6 

Sahi, T., bokoflki, KL, Josaib, J., Launiala, K, and Pyorala, K. (1973) Lancet 
2.823-^ 

Schlegel-Haueter, S.. Hore. P.. Kerry. K R. and Semenza. G. (1972) Bioehem. 

BicMhys. Acta 258. 506-519 
Schmits. J., Preiser. Maestracci. D., Ghosh, B. K., Cerda, J. J., and Crane. 

R K. (1973) BiocNm. Biophys. Acta 323, 98-112 
Sebaatio. G., Villa, M., Sartorio, R. Gimetta, V- Poggi. V., Auriccbio S.. Boll. 

Wn Mantei. N., and Semenza. G. (1989) Am. J. Hum. GeneL 45, 489-497 
Sharon. N^and Lis. tt (1972) icfimee 177, 949-^^ , „ . ... 

Skovbiarg, $iSAtram, H., and Norsn, O. (1981) Bur. J. Bioehem. 114, 653- 

661 

Srivastava. O. P.. Steele, M L. and Torres-Pinedo, R (1987) Biochim. BwpfQff. 
Acto 914, 143-151 

Sterchi, E.B.. and Woodtey, J. F. (1980) Clin. Okw. Acta 102, 49^ ^ 
Sterchi, R R. Mflla. P. R, Fransen, J. A. M.. Hauri, H. P.. Leat»j M. J, 

Nairn. H. Y^ Ginsel, L.. and Bond, J. (1990) J. Oin. InvesL 89, 132»-1337 
Taatjes D. J., and Roth. J. (1988) Eur. J. CeU BUA 48, 2W-2» ^ ^ , 
Vockley. J., D'Sonza. M. P.. Foster. C. J, and Hama, H. (1984) iVoc. NatL 

Aced Scl U. S. A. 61 . 6120-6123 
Wciser. M. M. (1973a) J. BioL Chem. 248, 2538-2541 
Weiser. MM (1973b) J. Biol Cftem. 248. 2542-2W8 
Wesier. M. M., Neumeier, M., Quaroni. A^ and Kusch. K. (1978) J. CeU 

BioL 77 722—734 

Witta J., I^byd. M. Lotenzsonn, V., Xoismo, K, and Olson, W. (X9$Q) J, CUn. 
Invest 86, 1338-1342 



Clycoblology vol. I no. 2 pp. 115-130. 1991 

MINI REVIEW 

Glycosylation of recombinant protein therapeutics: control and functional implications 
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The discovery, development, productioD and^ dinJcai appli- 
cation of recombinant giycoprotetns for therapeutic admiDis- 
tratioo io bumans has been, amJ continues to be, an area of 
iatensive scientific and medical effort. This effort has en- 
gendered considerable interest in the biological and thera- 
peutic impUcations of post-translational modiflcations, par- 
ticularly the most elaborated and sophistkated of these, 
protein glycosylatioa. As a result, mimeroos studies have 
appeared in the literature, especially Within the past few 
years^ which have greatly expanded our uoderstandiag of the 
biology of protein glycosyladon. ITiis review seeks to som- 
marize these studies^ illustrating that protem glycosylation, 
by modulating numerous biological attributes, is of central 
hnport in defining the utility of recombioaot therapeutics. 

Key words: glycosylation/rocombinant proceins/control/ 
function/therapeuttcs 



Introduction 

The primary goal in the application of biotechnology 
towards human therapeutics is the discovery and devel* 
opmeni of protein-based pharmaceuticals. These recom- 
binant proteins can be used for the augnientauon or 
replacement of naturally occurring proteins in numerous 
pathological conditions. For example recombinant factor 
VIII can be used in patients with haemophilia A, rqiladng 
the defective or absent component of the blood coagulation 
cascade. Recombinant granulocyte/macrophage colony 
stimulating factor can be used to treat immunosuppressed 
individuals, such as those on chemotherapy, thereby stimu- 
lating haematopoiesis. At' the same tune, the discovery and 
development of recombinant protein therapeutics has en- 
abled considerable progress in our understandmg of the 
fundamental biolo^'cal processes in which these proteins 
are involved. Including the glycosylation of proteins. 

Glycosylation also presents special challenges in the 
discovery and development of recombinant therapeutics 
since, like their natural counterparts, many recombinant 
proteins are glycosylated. One concern is the microhetero- 
gcneity of both the recombinant glycoprotein and its natural 
Homologue. Typical questions include: Does purification 
enrich in or exclude particular subforms? Docs this matter? 
Arc there unique attributes to the recombinant protein 
because of the particular cell line chosen for expression? 
Fortunately, these questions can be addressed because the 
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'process* which produces a recombinant therapeutic oper- 
ates under relatively defined genetic and biochemical con- 
ditions. It ts possible to manipulate elements of the process 
(e.g. the cell expression system, cell culture conditions, or 
the protein itselQ, using the experimental tools of molecular 
biology, cell biology, immunology and biochemistry, to 
alter structure and assess functional effects of glycosylation. 
Thus, meeting the challenges presented by glycoproteins as 
therapeudc agents draws upon, and contributes to, our 
understanding of the bi<^ogical roles of protein-linked 
oligosaccharides. 

Protein glycosylation has two principal roles. First, 
protein-linked glycans modulate biochemical attributes of 
proteins such as bioactivity, folding and immunogenidty. 
Second, protein-linked glycans can serve as determinants 
in molecular recognition events such as the targeting of 
particular enzymes to lysosomcs (Dahms ei al^ 1989) or the 
uptake of asialoglycoproteins by a hepatic receptor (Ashwcll 
and Harford, 1982). There are several reasons why oligo- 
saccharides are ideal to carry out both of these roles. 
Protein-linked oligosaccharides can display staggering 
diversity in terms of primaiy structure (Figure I). Even for 
glycoproteins secret^ from a single heterologous ceU ex- 
pression system, the niunber of structures observed is large, 
fn addition, protein-linked oligosaccharides are located at 
the molecular surface. Thus, they are optimally situated for 
modulating bioactivides or serving as recognition determin- 
ants. Protein-linked oligosaodiaridcs arc also hydro- 
dynamically quite large. As noted by Montreuil (1984), a 
tetra-antennary glycan (Figure I) can cover 20-25 nm* of 
the protein surface (compare to 6-8 nm* for the antigen 
surface area in an antigen-antibody complex; Mariuzza et 
al,^ 1987). Moreover a glycoprotein such as a,-acid gly- 
coprotein, with five glycans and a moL wt of 37 kD, could 
essentially be compl^ly enshrouded by oligosaccharide 
(Montreuil, 1984), the molecular equivalent of a sugar- 
coated pill It is widiin the framework provided by these 
biological roles that the impact of protein glycosylation on 
the therapeudc utility of a recombinant protein is evaluated. 

The goals of this review are three-fold. Specifically this 
review should provide the reader with an understanding of 
the factors which control (specify) oUgosaodiaiide primary 
stniciure in recombinant proteins, an important consider- 
ation since structure leads to function. This review will also 
present spedfic areas in which glycosylation can effect the 
therapeutic utility of recombinant proteins. Finally, this 
review should provide illustrative examples of where the 
study of recombinant protein glycosylation has contributed ' 
to our understandtng of glycobiology. 

Recombtoant protein glycosylatioa and microheterogeoelty 

The characteristics of recombinant protdn glycosylation 
are identical to those of protein glycosylation in general, as 
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Fig. I. Proidn-JinJced oligosacchandc structures. Common smicturoi types of protdn-Jiukcd g^ycaas are ilJustrntcd. For Asn- (N->liiikcd 
oligosacchflfidcs, all known members possess a common, iavariant peotasaocbaride core Maa(gU6HMan(etl3>'3Maa(/?l.4HKcNAcyi.4)- 
GIcNAcO?)-, The extension of each bnnch (antenna) is merdy represeaiative. A number of stmctural motila ftro known for antennal extension and 
eacb antenna of a glycan can be differentially eloagaUd. A necessary, but not sufficient condition for N-gtyoosylation is llie co p s nm n tripepttde 
sequence Asn-X-Ser<ThrX where X is any amino add save proline, for Ser/Thi^ (0-)liaked oligosaccfaarite, there is no knowm consensus sequence. 
Many additiooaJ OUnked stcuctures are known. 



sp«3ficd by Radcmachcr et aL (1988) in chcir seminal 
review of the field (Figure 2). Many recombinant glyco- 
proteins, like those synthesized 'naturally*, exhibit con- 
siderable microheicrogcneity. A substantial portion of this 
heterogeneity can be attributed to *sitc heterogeneity' 
(Figure 2) at one or more sites of glycosyladon. This 
defined, reproducible heterogeneity led Dwek and colleagues 
(Parckh et al,, 1987; Rademacher et aL, 1988) to the concept 
of *glycofonns': identical polypeptide chains with distinct 
gjycan structures covalcntly attached. Glycoforms, there- 
fore, '..have different physical and biochemical properties 
tliat may lead to functional diversity' (Rademacher e/ fl/., 
1988). 

The concept of glycoforms has led to an important 
hypothesis for heterogeneous recombinant proteins. Any 
biological propeny, is defined by the weighted average of 
the component species. Hence, the observable property is 
defined as: 



where n,, is the mole fraction of ^Kcies / and is the 
intrinsic value of the property for this spcdcs. Recent data 
have demon^rated that for raicrohetcrogcneous proteins, 
Pf values are not always equal and that po$t*translationa1 
modifications, particularly glycosylation, can modulate 
values of P,, Evidence in support of this concept is found, 
for example, in the family of gonadotrophic/ihyroirophic 
honnones (Baeozigcr and Green, 1988). This set of glyco- 
protein hormones exhibit variable (in moo) bioaciivity 
depending on the extent of glycosylation and the individual 
glycofomis (sec below). The presence of an ensemble of 
difTereniially glycosylated species, modulated with respect 
to their intrinsic biological properties, would constitute a 
subtle and sophisdcated mechanism of biological control. 
Thus, if a glycoprotein therapeutic exhibits microhctcro- 
genetty, it is necessary to establish whether such modulation 
is operative and, if so, what are the therapeutic and 
technological consequences. 
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Specification of protein-linked oUgosaccbaride primary 
structure 

The factors which specify protein-linked glycan structure 
are the primary amino acid sequence, other occupied 
glycosylation sites, the cell/tissue type and the environ- 
mental/physiological state of the cell/tissue. It is the com- 
plex interplay of cell type and environmental (physiological) 
factors acting on an encrypted polypeptide instructioa set 
that determines the identity and set of oligosaccharides 
attached to a protein. 

The elucidation of the central role of the primary amino 
acid sequence in specifying the structural type (c.g» high- 
mannosc, biantennary complex, triantcnnary complex; Fig- 
ure 1) of protein-linked oligosaccharide has been a signifi- 
cant contribution to glycobiology by recombinant DNA 
technology. Since the pioneering experiments of Shcarcs 
and Robbins(1986), the retinue of glycoproteins Iraosfected 
into mammalian cell lines and structurally characterized has 
expanded considerably, enabling the observation that the 
type of glycan structure observed at a specific glycosylation 
site is preserved, regardless of the cell type of expression. 
Some of these observations are listed in Tabic I. 

In the study of Sheares and Robbins(]986), the expression 
of ovalbumin in moitse L cells was employed to evaluate the 
effect of cell type on protein glycosylation. Ovalbumin 



Hg. 2. Characteristics of reoonibinsnt proietn ^ycosytatiofu 
'Chsractfiristlcs taken Trom Rademacher al. (1988). 



contains two poicniial sites of N-linked glycosylation 
(Asn-293 and Asn-312), only one of which is utilized in 
oviduct (Asn-293), From the work of Huang et at. (1970), 
it is known that the dominant glycans present are of the 
hybrid and high-mannose type (Figure 1), in roughly 
equal amounts. When transfected into mouse L cells, 
recombinaot ovalbumin also bad a similar set of hybrid- 
and high-raannose-typc stnictures. The presence of 
hybrid-type glycans on the recombinant ovalbumin is 
especially noteworthy since this structural class was not 
present in significam amounts on other proteins secreted by 
this cell type. However, it is important to note that the exact 
primary structure of glycans was not identical in each case. 
For example; recombinant ovalbumin docs not possess any 
* bisected* hybrid-type structures indicating the absence of 
any GlcNAc transfcrase-III (GlcNAo-T-III) activity 
(Narasimhan, 1982) in the murine cells. This latter ob- 
servation demonstrates the impact of the second set of 
controlling factors, the cell type/environment (see below). 

Sirailariy, human tissue plasminogen activator (tPA) 
invariably shows high-mannosc oligosaccharides at 
Asn-117 (in the first kringle domain) and exclusively 
complex-type glycans at the other ^ycosylation sites 
(Asn-184 and 448) whether it is expressed constttutivcly or 
recombinanUy (Table I). Further, Wilhelm et aL (1990) 
observed that structural alterations made in tPA preceding 
Asn-U7 led to conversion of this high-mannosc glycan 
to. a complex-type structure. Erythropoietin (EPO), a 
glycoprotein hormone which induces the maturation and 
proliferation of progenitor cdls to eiythrpcytes, invariably 
has complex-type, tctra-antcnnaiy glycan diains as the 
predominant spedcs (^ 85%; Table 0- Even more il- 
luminatiog is the observation that EPO is only one of two 
circulating serum gjycoprotdns known to contain the poly- 
lactosamine [GalOffI.4)-Gk:NAc(/?l,3W moiety and that 
this moiety is preserved in a variety of recombinant cell 
expression systems. These studies, together with additional 
experiments in non-recombinant model systems (Wcitz- 
man et aL, \ 979; Neel et ai^ 1987; Hubbard. 1 988; Yet e/ aL. 
1988; Shao etal., 1989; Lcc€^ ai^ 1990), clearly demonstrate 



• OffferMit proltUia produced by th« same cell cm contain 
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• Individual polypeptide chatdt frequently eontain multiple 
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frequently observed (Site heterogeneity) 
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Table I. Influence of cell type on nie-specific glycan struaure class* 



Protdn 


Cdl hne/souice 










A 


8 


C 


D 


EPO''(e.g-Asn-83) 
tPA« (Asn-117) 
Ovalbumin* (Asn-293) 
lni«fcron-/r (Aso-SD) 
IL-2'(rhr-3) 


TetFa-aotcnnary 
High mannose 
Hybrid/high Maimose 
Biantenoaiy 
S3GS6GaINAc 


Tetra-afilconaiy 
High mannose 
Hybnd/higb Mannose 
Bxantctinify 
S3GS6Ca]NAc 


Tctra-antennary 
High laannose 

Biantctuuuy 
S3GS6GaIKAc 


Hf^ mannose 
Siantennary 



* Tabic designates the dominant glycan structural dass (i.c. high-mannosc, complex biantennary. complex triafltcnntjy cu^ see 

* Cell Uncs/$ourc» used were: A. urinary EPO; B. BJCH ceU rEPO; C CHO ocU rEPO. References: Takcuchi «f cL (1988), Sasaki et ai, (15^87). 
Tsuda ct qL (1988) and Sasaki et ai. (1988). ' , . ... r r»n «.n nPA- D 
« Asn-117 is located in thc fifsi kringle domain. Cfell Une/sourccs used were: A, Bowea melanoma; fl, colomc w»robfas«. C, CHO ecu rti'A, 
murine CI27 rtPA. Refcitnccs: Pohl et ai. (1987), Pfciffer et ai. (1989), SpcUman et ai. (1989) and Parekh et aL 0989b) 

* A$fl-293 is the single N-glyco$ylatioii site utilized. Chicken ovalbumin contains roughly equal amounts of hibnd- and lugb-mannosc-typc 
oligosaccharides. Both structural classes an- ptesent in ovalbumin froin both sources. Cell Bncs/iou«w vskA were: A, ovjduct; B. nwinnfi L cells. 
Refercnocs: Shcarcs and Robbies (1985). , . . -|— . p 

* Asn-80 is ihc single site of N-gljcosylsUon. Cdl lincs/souroes used v«rc: A, humao fibroblasts; B, human lupg tumonr-^Ienved PC8 rit-n-A. ^ 
CHO ccli rIFN-/?; O. murine C127 rlFN-^. References: Kagaw-a ei ai. (1988) and Cotix^Ox et el (J987). ,w--iw A«r-\ «nH 

* IL-2 contains a single site of O-glycosy taUon. Natural exists as two glycosylated forms containing *^^'^«23><ial(^,3><»aJIN>«:^a; to 
NANA(«W) OalO?U).(NANA(a2,fi)l CJal hrAe<a). respcciivdy. The noiaUon used is shorthand cither of tluse tvwstri^^ Ccfl 

used were: A, pcriphen Mood lympbocytca; BrJurket IkII lL-2; C, CHO rlL-2. References: Conradt et ai. (1985, 1986) and Viw et ai. (i990> 
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Fig. J. Site-directed processing of IgG N-Unked glycaos. Schematic 
representation of 'siteKiirected' processing based (rn this example) 
upon the data ofSawidou ct at. (I9S4) aiKl Octseahofa- (IWI) aa put 
forward by Carver and CUmmijig (1987). The glycoprotein iludted was 
a moaodonal IgG, containing the normaJ site of heavy chain 
N-giycosylation at A«q-297 and variable gjycosylation of the light 
chain at Asn-107. N-Ii&ked glycans are known to exhibit two 
preferred conformational rotainers about the Man(al,fi) Unlcage denoted 
by values for the torsion angle m of 180 and —60 (Brisson and Carver. 
1983). These two rotamers correspond to oonfo/mations in which the 
Man(al,6) antenna cither extends back towards the site of attachment 
to the polypeptide chain (w « ISO) or extends away from the site of 
altachmenc {<a » ->fiOX Other daU (see Brisson and Orvcr. 1983) 
suggested that the glycosyltraosfecase GlcKAc-T-HI can catalyse the 
formaUon of a CIcNAc091«4) h'nkage to the Man(^1.4) residue 
("bisecting* GfcNAc) only when the oUgosaocharidc substrate is in the 
w w 180 orienUtion (dashed line, top structure). Structure analysis of 
the glycans at Asn-lO? yielded sialylated. bisociod, biaotennaiy 
oligosaccharides. At Asn-297 essentially no sialylated or bisected 
structures were observed. X-ray ciystaUographic analysb demonstrated 
that protein/oligosaochande mteractions fix the M&n(a],6) arm near & 
-60. pjieduding dcNAc-T-HI activity. Symbols for monosaocharide 
types arc: O, GteNAc; Man; O Gal. 



the crucial role of the polypeptide sequence in specifying 
glycan primary structure. 

The concept of * site-directed* processing (Carver and 
Gumming, 1987) suggests one mechanism for the decoding 
of encrypted polypeptide instructions. There are three basic 
elements Co this concept. First, oligosaccharide biosynthetic 
intermediates can be found in more than one three- 
dimensional structure. Secondly, there are proces^ng en- 
zymes for which only a limited subset of the available 
three-dimensional oligosaccharide structures are sub- 
strates. Finally, oligosaccharide interactions with the nas- 
cent protein preferentially stabilize oligosaccharide con- 
formations which are not substrates for the processing 
enzymes. For example (Figure 3)» the absence of sialic add 
and 'bisecting* GIcNAc in the glycans at Asn-297 in a 
human myeloma IgG,, although present on glycans at 
Asn-107 in the light chain, can be explained by site- 
directed processing (Saviddou et aL, 1984; Carver and 
Gumming, 1987). The glycan at Asn-107 is able to 
interconvcrt between two con formers, only one of which 
can be utilized by the enzyme caulysing the addition of a 



bisecting GlcNAc. In contrast the glycan at Asn-297 is 
constrained by protein-oligosaccharide interactions to a 
^confonnation which is not a substrate for the enzyme. The 
primary, secondary, tertiary and quaternary structure of 
proteins can mediate such proteitw^ligosaccharide inter- 
actions and thus influence glycan primary structure (Dahms 
and Hart, 1986; Troesch et al., 1990). Other models have 
also been put forward to explain the influence of protein 
.structute- in glycan processing, including a differential 
accessibility model (Hsich et al,, 1983b; Trimble ei ai,, 1983) 
and a diffcrentiai kinetic rate model (Shao et aL, 1989). 

Recently oiigosaccfaarideH>ligdsaccharide interactions 
have also been implicated in specifying glycan primary 
structures. For example. X-ray crystallographic data 
(Sutton and Phillips, 1982) has demonstrated that the' 
N-tinked glycans at Asn-297 of each heavy chain in the 
IgG F^ region interact, effectively blocking the Man(al,3)- 
antenna of one glycan from further elongation (Rademacher 
et al.^ 1988). Smiilar suggestions have been made for Thy- 1 
(Parckh et aL, 1987) and for EPO (Sasaki et al, 1988). The 
mechanism specifying glycan primary structure by oligo- 
saccharide-oligosaccharide interactions should be ana- 
logous to that by protein-^tigosaocharide interactions de- 
scribed above. 

Anodicr factor specifying protein-linked glycan primary 
structuie is the cellular phenotype. Different cell types have 
distinct complements of the glycosyltransfcrascs and giyco- 
sidases whidi act upon glycoprotein biosynthetic inter- 
mediates (Rademacher e/^., 1988; Paulson e/ oil, 1989; and 
references therein). Tbtis, the same polypqjtide produced in 
various cell lines can have glycan chains which differ in their 
detailed primary structure (Hsich ei al^ 1983a). Parckh et 
a!, (1987, I989a,b) have demonstrated 'tissue-specific* 
patterns of glycoforms for Thy-1 and for natural and 
recombinant tPA. In biotechnologjcal applications where 
heterologous cell expression systems are employed, cell- 
specific glycosylation features will yield protein-linked 
glycan structures distinct from the * natural* protdn. For 
example. Goto et al. (1988) have reported a host-cell 
dependency in the specific activity of recombinant EPO, 
Thus, heterologous expression systems can be denoted as 
cither 'phcnotypically restricted* leg. lack of the N-linked 
sialyl (a2,6)-transferasc activity in Chinese hamster ovary 
(CHO) cells] or *phenotypically expanded* [e.g. Gal{al,3) 
transferase activity in murine CI 27 cells] relative to the 
tissue/oell source for the *natiiral* protein. 

While the physioIo^caJ significance .of cell-specific 
glycoform patterns is unclear, derivative concerns in bio- 
technology arc already obvious and demonstrable. 
Although several examples will be discussed below, one 
clear if not exaggerated example is the expression in yeast of 
glycoproteins normally bearing complex-type glycans. The 
resulting polymannosyl-^ycans could serve as determin- 
ants for the rapid clearance of the protein to the macro- 
phagc/Tcticulocndothdial (RET) system (e.g. McFarlane. 
1983). While this could be a useful objective in some 
instances, for many recombinant protdns this is an un- 
desirable phannacological consequence. Similariy, CHO 
recombinant proliferin contauns phosphorylated high- 
raannose oligosaccharides, ligands for the mannosc-6- 
phosphatc/tnsulin-like growth factor-II ^GP-^D-. re- 
ceptor, while the 'natural' molecule docs not (Lee and 
Nathans, 1988). Cell-spedfic glycosylation features can 
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also havfr a prQf<)UTicl impact on. ofigosaccharide conforr 
mation, potentially gdtering tho «t&4iixcled .px»cessihg of 
^lycans zt tiiat: site: ^g, atUphniitint of *feisiecting' A^Trajcc^i- 
glucdsamiric r^TduiSs Us Cftitaia ct]\ Uaes;. iee . Figure S^j. 

Th&;gIy&o:$yla.tipa appz^ Is^inaxkedly $eni^^ 

to its pfiysiolo^iEiail mvironment, Kedurbatiotis of glycan 
primajjy 5t^iu<?cur^ m ^ V^H^t^ of fjaS&oto^cai. and cndo- 
criridIpgi:Qa:f . states i§ wytdoc)itp$f(;<^ (g-^di^niiac^^^ 
j988;jLc^r.^/'iJ/.. .i;?B9rGyyi^.ef a/,, i9$pj animay prbvide 
an dScienl mechanism: .of modulating^ Jbictlo^cal aftributes 
df a prbtciri iV^ 'tigii^t^ phystdldgicd ciivironificn t For bdls 
in cukure, ifte |lycQsyJitioh 4pJ^i^^^ to ni«$er- 

oiis cnyicqnirtcnfal pc.rturbatioTDs (Megaw and Johnson, 
r979; SisaJceifo/,. t98?;TiTiowiafowska w dL, 1987; AniQS.« 

prehensiVely t^vieSved Goibciicc Sind Monica 0.990) jsLtid 
will not be discussfed further here, .expept to note the 
following: while rt may at first seem a facile :exerei'?c to 
perturb the QligosaQehaiide structures a protein by 
alteration of^nvironpiernt^ (cujtujpfc) cortdi'tions;. niafty of 
these alterattops exettpleiotrQpi^ dcjc^enpu'^effeicts dn thd 
normal biolpgtcal functioa of^eoejlX&g. glucose s.farv2ition 
yields in^lfolded protinns. induction of glupose r^ulatoi^ 
protein&.(tiRP); pertOrbatioa ijf NrUnked jgJycan structure 
effects other post-iraiaslaeion^I modifications '0^t\(ntt et 
qL, (987)]. Therefore, it seems reasonable to conclude th^t 
glycan primary structure serves as a useful diagnostic 
indicator of the hom^psiatic state pf the ccll-(e.'g; .Mat>^e/ 
a/., {987; Kpbata, 1988) and that deviations (above and 



bfeypilii ccn-^^fic giyJCQ^tipa fcatjifle^ aiw. iftdJcatiyc 
of ^jlcratibiis. ift .celldlar phenotypfc. Fi^;uie 4 suqunarizes 
thi'sjdiscus^on otthe ooniplexibteracdons' whi)ch:.:uitim]atcly 
fpetify grptSn-Bnlced glyeaapiimiiy itrxicturc;- 

Impact tff glyoo^Uidoa on. reicainfaiQant proteins 

Tlicr<^#« Syeprind^ a.«asiTi itvjw* tffrg[lyicosyiation-.bt 
a jiec{6infi5narit jproiem gaxk affect; l^ey j^iqflo^cd attributes: 
(A), expression a[ndodl.cul'ttti%^ bioacUwty; (Qp^iarma- 
eiilcinctics;.(p) immunogenidij^ and (E) consisteacyUn the 
tdlfov^'iife d^kcussiifthJr^x5«^^?^^ 65^^ 4^ «^eas will 

Expression and. cell aUtjure 

It isi plcar that (he secjretion of .a niasccnt polypeptide chain 
Operates under a set of defined conformational constraints. 
Mediated by an ensemfile of cellular components, this 
pK^ocsS has ^fien iikeiicd to a •ecifulaf qaaU^ cOntroP 
system (Hurtllcy and Heleneus; 19?9J which regulates the 
expiessibn of proteins by monitoiing the flux of nascent 
protei'i^ for nusfoldcd, malfolded^ un^scmbled or im- 
properly glycosylated pro.teiss (Figure S)- Particiilaf cle- 
mcfits of this enable, indudiiig Ihe glucose regulatory 
protfein .<3RP78 (BiP), arc localized to tiw endoplasmic 
reticulum. (ER) and dippe^Ui have ai least two functional 
roles. The first of fhcse is to engage in stable .^asociation 
with aberrant (secrction^incompctent) proteins jvhich are 
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fig. 5. Cellular 'quality conUoi* io the cndoptasmlc criiculuni. Schematic repftsentaiioa oTpost-tnuislatiooal 'editiiig* of aasccot peptide dtains. A 
ribosome-nasoent chain-signal rocognitioo partide (SRP) complex biods on the cytoplasmic smfaoe to the ER m tatetactioa with (be integFal 
QiecnbraRC SR? receptor (SRPR). Tmnslocation of nauxnt chains tcross (he RHR mcmbnuie tt acoompliciied vdth a system inhilntable by 
N-ethyfanaleimide (NicdutU and Btobd, 1989} and represemed here as a nascent chain traoslocatuin (NCI) factor. Subsequent deavaee of the 
hydrophobic kadcr sequence by a signal sequence peptidase (SSP) is foUowed by *edhing* of the nascent chain by protcm disulphidc isomcrase (PDf. 
denoted *X* in this figure). In addition to PDI activity, this protein reportedly possesses other 'editing* activittes such as proJyl-4-hydroxyIasc (as 
(he ^ubunit) (PihrajaoJemi ct al., 1987) and N-glycosylation site iccognltion protein (GSRP) (Geetfaa-Habib ei aL, 1988), as well as dcsignatioa 
as thyroid honnooe binding protein (Oeetha-Habib tt aL, 1988) and the 58-kD subunil of a microsomal lipid transfer protein (Wettcrau tt ai„ 
1990). GSRP, together with an oligosaccharide transferase activity, mediates the at bloc transfer of a prefonned dolicfaol pyropliosphoryl-Iioked • 
oligosaccharide precursor to (he nascent diatn (Komftid and Komfeld, 1985). As vectorial flow continues down the lumen of the ER. addilional 
editing events occur. These indude removal of terminal glucose residues 1^ glucosidase I (labeled *A') and II f Ol and a ER mannosidase (*£*) 
which preferenUally removes a single mannose residue Transient association of nascent chains with ER proteins {such as BtP (GRP78, *B*) and/or 
other potential factors CC*)J further ensure proper folding and oUgomcrixation (Hurtky and Helemus, 1989). These events are represented in ths 
figure along the upper lipid boundaiy of the ER. Fomation of maifolded, misfolded, or improperly ^ycosylaied molecules results in sclectivB 
retention and eventual degradation m (he ER, as represented along the lower ER boundaiy. Here, a non»g)ycosy!atod, misfolded protdn is shown in 
stable association with BiP (Domcr e/ oA, 1987) for subsequent degradation by protease 'P. A proteitt bearing a monog^UioosySated Mgh-naonose 
ciigosaocharide is selectively retained in (he ER (Rizzolo tt al., 198S; Rizzolo and Komfeld, t9&; SwbaaU 1989) by a hypolhelical membrane 
protein CG*). The location of the glucose residue on the oligosaochande is speculatiw for (he former refetenoe. 



eventually degraded in the ER. The second role is to 
mediate via transient (or weak) associations the proper 
folding/oligomerization of nascent proteins to a secretion- 
competent state. 

The relationship between protein glycosylation and this 
cellular quality control (QC) system has important implica- 
tions for recombinant proteins. For example, the inter- 
dependence of GRP78 association with heterologous pro- 
teins expressed in CHO cells and their N-linked glycans 
has been explored by Domer et aL (1987), where the 
expression of three recombinant proteins was studied: (i) 
factor Vlir (FVIII), Qi) von Willebrand's factor (vWF); (iii) 
tPA. On the one hand, CHO cells were found to be 
competent at scicreting even large proteins with complex 
patterns of disulphide pairings and post-translationaJ 
modifications (e.g. vWF, a 300 kD protein containing 17 
potential sites of N-linked glycosylation and 235 cysteine 
residues, or tPA}. On the other hand, aberrant glycosyiation 



or common genetic manipulations, suds as domain deletions 
or point mutations, were found to substantially impact the 
amount of sccrctton-competent protdn produced. Thtis, 
perturbation of tPA glycosylation, either by tunicaraj/ctn 
treatment or by construction of point mutants which 
eliminate the three sites of N-linkcd glycosylation, sig- 
nificantly impairs the secretion of tPA and enhances its 
association with GRP78- These observations underscore a 
tight correlation between proper glycosylation and proper 
functioning of the secretion apparatus. 

These experiments further indicated that the extent of 
association with GRP78 was related to the absolute ex- 
pression level. This relationship was further substantiated 
by a subsequent study of the effects of butyratc (which 
exerts pleiotropic effects on cultured cdls including en- 
hanced transient expression) on heterologous protein (e.g. 
FVIir. vWF and EPO) secretion in CHO cells (Domer ei 
ai., 1989). While incubation with butyrate induced hi^er 
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levels {3- to 19-rold) of recombinant protdn mRNAs. 
GRP78 mRNA levels were also induced 2- to 80-fold. 
Where the highest levels of GRP78 induction were observed 
(for CHO cells secreting FYTII), these levels were ascribed 
to enhanced synthesis of FVIIL These results suggested that 
increased secretory traffic may induce GRPs and further 
suggests that there may be an upper protein-sped fie limit 
to the amount of secretion-competent recombinant protein 
-. a jnanunalian cell can produce. Support for these con- 
clusions is evident in recent reports that disulphidc bond 
formaiion in the ERmay be related to the rate of protein 
synthesis (Miletich and Brozc, 1990) and that GRP78 stably 
associates only to proteins with incorrect intrachain di- 
sulphidc bonds {Machamer et ai, 1990). 

Implicit in any discussion of intracellular transport is the 
inumate association of protein folding and glycosylation. A 
functional role for glycosylation in protein folding has been 
suggested for some time, based on arguments such as 
alterations in thennostability upon glycan perturbation. 
Indeed, it is noteworthy that folding and glycosylation 
share a common conceptual tenet in their mutual utilization 
of instruction sets encoded in the primary amino add 
sequence. One of the earliest models employed in cicpJoring 
the relationship between folding and glycosylation remains 
one of the most fruitful: the transmembrane G protein of 
vesicular stomatitis virus (VSV). In a series of elegant 
studies. Rose and colleagues (Machamer et al., 1985, 1990; 
Machamer and Rose, 1988a, b) have investigated the effects 
of N-linkcd glycosylation site occupancy and site position 
in the folding and intracellular transport of G protein 
mutants. The wild-type molecule contains two sites of 
N-glycosylation, either of which is sufficient for normal 
surface transport (Machamer ei al^ 1985). Blockage of 
glycosylation, either by incubating infected cells with tunica- 
mycin or with mutant constructs missing the N-glyco- 
sylation sites, results in aggregation of nascent chains in 
the £R and severe impairment of intracellular transport 
(Leavitl et aL^ 1977; Gibson et aL, 1978; Machamer and 
Rose, 1988a). 

Extending these studies, Machamer and Rose (1988a,b) 
successfully generated novel sites of N-glycosylation by 
site-directed mutagenesis and constructed new G protein 
variants containing one of these novel glycosylation sites 
either with or without the normal K- linked sites. Two sets 
of observations were made. First, variants containing a 
novel glycosylation site, but absent the normal sites, could 
enhance surface transport relative to aglycosylated G pro- 
tein. However, all such variants exhibited significantly 
reduced surface transport relative to the native protein. 
Second, variants containing novel as well as the normal sites 
of N-glycosylation always exhibited a reduced rate of 
surface transport. Further, many of these variants exhibited 
a temperature-sensitive phcnotype for surface transport, 
implying an effect on folding. Fn addition, all constructs 
lacking glycans at their normal positions exhibited improper 
disulphidc pairings. Similar results were obtained upon 
introduction of supernumerary N-glycosylation sites into 
influenza haemaggluUnin (Gallagher et al., 1988). These 
results suggested that the position of N-linked glyco- 
sylation sites within the polypeptide sequence is critical and 
that this positional requirement can affect the processing 
and transport of nascent proteins, perhaps by perturbing 
folding intermediates. 



Finally, events related to the transfcction and expression 
of recombinant proteins have been implicated in altering 
the glycosylation phcnotype of cells and potentially the 
glycosylation of recombinant protdns. While attempting to 
clone a fucosyltransferase (FT) from HL-60 cells, Poivin 
et al. (1990) observed the activation of endogenous cryptic 
CHO FTs upon transfcction with genomic DNA. Although 
endogenous activation was a rare event, it occurred at a 
frequency comparable to transfer of HL-60 FT. Moreover, 
*sham' transfcction with CHO cell DNA also activated 
endogenous FTs, Recently, we have noted a comparable 
event for a CHO recombinant protein during adaptation to 
suspension culture in defined mediiun (D.Benjamia and 
O.Cumnung, manuscript in preparation). In this case, 
adaptation resulted in activation of endogenous CHO FT 
yielding the oncofetal antigen sialylated Lewis X on the 
N-linked glycans of the recombinant protein. These 
observations raise the possibility of activation of cryptic 
traxtsferases (there is no evidence that endogenous activation 
is limited to FTs) in the otherwise normal course of 
transfection, selection, and screening. The probability that 
such an event could occur (considering all possible cryptic 
processing enzymes) underaiines the detenainism of glyco- 
sylation suggested above for a recombinant protein ex- 
pressed in a defined cell type. 



Bioaclivity 

The modulation of a protein^s biological activities through 
glycosylattoti can take place via two principal mechanisms 
(Rademacher ei oL^ 1988): occupancy <^ glycosylation sites 
and the ^ycan structure type. The distinction between the 
two mechamsms can be amfnguous and, in some cases, both 
mechanisms are operative^ The following dtscusaon seeks 
to illustrate these mechanisms and to give examples relevant 
to recombinant proteins. 

The fgE binding factors provide an interesting example 
of the fonner mechanism (Ishizaka, 1988). T-oell dcriycd 
IgE binding factors have two principal btologjcal activities: 
potentiation or suppression of IgE synthesis. The same 
polypeptide sequence was found to mediate both activities, 
the exact activity observed resulting from the presence or 
absence of N-Iinkcd oligosaccharides. Similarly, degly- 
cosylation of gonadotrophic hormones yields proteins which 
effectively bind to their receptors, but are unable to induce 
adenylate cyclase-depcndent events (Matzuk et aL^ 1989; 
Sairam, 1989). Occupancy of at least one glycosylation site 
is required for the catalytic activity of human acid fi- 
glucosidasc (Grace and Grabowski, 1990) and TgG 
glycosylation site occupancy (and the corresponding site on 
the IgM chain) is important in complement-mediated 
cytolysis and other accessory fimctions such as antibody- 
dependent cell-mediated cytotoxicity (Nose and Wigzell, 
1983; Lcatherbarrow ei aL, 1985; Muraoka and Shulman, 
1989). It is interesting to note that both tPA and plas- 
minogen exhibit forms defined by variable occupancy at one 
glycosylation site (Hayes and CastclHno, 1979; Rademacher 
et aL, 1988). The N-Knkcd oligosaccharides of trans- 
forming growth fzsXQT'fil have been demonstrated to play 
a role in the maintenance of precursor latency (Miyazono 
and Hcldin, 1989) and receptor glycosylation can be cmdal 
to appropriate iigand binding, as for example wth the 
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receptors for human transferrin and basic fibroblast growth 
factor (Fcigc and Baird, 1988; Hunt et al, 1989). 

(n terms of recombinant proteins studied to date, re- 
combinant (r) granulocyte/macrophage colony stimulating 
factor (rGM-CSF) and nPA exhibit alterations in their 
activities (receptor binding and cnzymic catalysis, respect- 
ively) with glycosylation site occupancy. rGM-CSF ex- 
hibits higher affinity for its receptor when deglycosylaced 
(Moonen el ai, 1987). Similarly, generation of a mutant 
form of murine GM-CSF (altered in the II carboxy 
terminal amino acids) yielded an unusual 'hyperglyco- 
sylated' COS cell GM-CSF (presumably through utiliz- 
ation of a second N-glycosylation site) which showed a 
3000-fold reduction in In vitro activity (LaBranche et al,, 
1990). While some of the decrease in activity could be 
attributed to the alterations of the polypeptide chain e.g. a 
20-fold decrease on alteration of one particularly critical 
Cys residue), it was concluded that not all of the loss of 
activity was attribuUble to peptide perturbations. In an- 
other example tPA was shown to exhibit altered kinetic 
constants on occupancy of a N-linked glycosylau'on site 
between the two kringle domains at Asn-184 (Wittwcr et 
al.^ 1989). Moreover, occupancy at Asn-184 results in a 
slower rate of plasmin-catalyscd conversion to two-chain 
tPA (Wittwer and Howard, 1990). Utilizing a series of 
variant forms of CHO tPA which, in part, were missing one 
or.all of the M-linked glycosylation sites, Hansen ei al.^ 
(1988) noted a functional role for glycosylation iii fibrin 
binding, fibrinolytic and fibrinogcnolytic activities. Differ- 
ences have been noted in the cloning efficiency and propa- 
gation of human T-cclls between natural intcricukin-2 
(IL-2) (with partial O-glycosylation at Thr-3) and 
rIL-2 from Escherichia coti (Pawelec et a/., 1987). As 
initially noted by Rademachcr et aL (1988), the concept of 
up and down regulation of biolo^cal activity by glyco- 
sylation site occupancy continues to emerge as an important 
mecham'sm for the modulation of bioactivity. 

The second mechanism through which glycosylation 
modulates biological activity is by alteration of oligo- 
saccharide primary structure. There are ntimcrous examples 
in the literature where a correlation between glycan structure 
and biological activity is reported. Complex-type glycans 
have been suggested to play a significant role in the enzymic 
activity of the NaVH^ antiporter of rat renal brush-border 
membranes (Yusufi et al.^ 1988) and an increase in specific 
activity of sucrase-isomaltase is observed after processing 
of its glycans from the high-man nose to the complex type 
(Sjostrom et al., 1985). Glycosidase treatment of IgG and 
concomitant evaluation of various accessory functions 
(e.g. antibody-dependent cell-mediated cytotoxicity and 
complement-dependent cytolysis) indicated that the an- 
tennal GlcNAc-Man moiety of IgG glycans is important 
for these accessory functions (Koide et aL, 1977). The 
specific absence of the terminal galactose residue on one 
branch of the typical biantennary glycans found in the Fc 
domain of IgG is central to the pathophysiology of immune 
complex formation in rheumatoid arthritis (Rademacher et 
aL, 1988; Tsuchiya et ai., 1989). The gonadotrophic/ 
thyrotrophic hormones [c-g. luteinizing hormone (LH), 
follicle-stimulating hormone (FSH) and thyroid* 
stimulating hormone' (TSH)I exhibit charge variability, 
attributed in large part to the presence of terminal sialylatlon 
and sulphation, with the various isoforms exhibiting difTsr- 




spedfic activity In Yim lU/mg x 10'^ 

Rg. 6 ConclaUon of EPO N-linked gI>oan brsnchiag and biological 
activity. Tbe figure was rodiawn from the data of Takeuctu ai 
(1989). The ratio of tetra- and biantennary glycans was determined by 
primaty slruaure analysis (Takeuchi €t aL, 1988) while the pcnocntage 
exposed galactOK was detennioed (roni chromatographic dat^* 

ent biological activities (Baenzinger and Green, I98S). In 
addition endocrinologic control of isofonn type and dis- 
tribution is also observed, as evidenced by spedfic changes 
during aging, ovariectomy, onset of puberty and steroid 
administration. For example, the hypothalamic tripcptide 
hormone TRH (tfayrotropin-releasiag hormone) is a po- 
tent stimulator of TSHT secretion, enhances the specific 
bioactivity of TSH compared to that secreted basally, and 
also alters the N-linked oligosaccharide structures of TSH, 
as indicated by soial lectin chromatography (Menezcs- 
Fcrrcira et a!., 1986; Gcsundheit et al^ 1987). As noted by 
Sairam (1989), stidi modulation of glycosylation 'could 
contribute to regulation of hormone function by secreting 
variable forms of agonist/antagooist% a conclusion sub- 
stantiated by the observation of *antihormone* fomis of 
FSH in hypogonadal women on treatment with a gonado- 
trophin-idcasing hormone antagonist (Dahl et al,, 1988). 

Several recombinant proteins have been extensively stud- 
ied to probe the impact of glycan structure on biological 
activity. As noted above, rEPO is extensively glycosylated, 
containing three N-linkcd sites and one O-linked site on 
a polypq>tide backbone of 165 amino adds. Several studies 
have shown that the dominant oligosacdiaridc structures of 
urinary and recombinant EPO arc tctra-antennary, 
complex-type glycans (Sasald et aL, 1987; Takeuchi et al., 
1988; Tscda et al^ 1988). Numerous studies have demon- 
strated that not only is glycosylation crucial for EPO 
activity, but that virtually any tested pertiirbation of normal 
EPO glycan structure impacts its biological activity. Thus 
while deglycosylated or aglycosylated EPO has been re- 
ported to be inactive (Sasaki et al,, 1987; Tsuda et aL, 1990) 
and variant forms of EPO with spcdfic glycosylation sites 
eliminated by site-directed mutagenesis exhibit reduced 
activity (Dube et aL, 1988), other studies havddcntificd and 
defined relationships between bioactivity and glycan struc- 
tural fcaiutes. Takeuchi et al, (1989) reported a. variant 
CHO cell line which produced an altered form of rEPO 
enriched in biantennary ^ycan chains. This altered form of 
rEPO exhibited substantially reduced in vivo activity 
aithougb it had the amino add composition and immuno- 
(cactivity of normal CHO rEPO, The effect on activity was 
not due to poor stalylation (Figure 6). Using various Iocs of 
cidture medium from a master cell tine, a linear correlation 
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TaMe H, Effect of variable occupancy of N-linkod glycosylaiion rites on biological activity, plasma dearanoe and oigao distributkm of CM-CSP 
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CiMrancc and organ disinbution daU taken from Donahue ti al. (1986) utilizing CHO-derived rtuGM-CSF. Orgao dtstribvtioa data for the 
indivtdual fonns were obiaintd 30 min post-iafusion. while such data for rhuGM-CSF and aaaJo rbu-GM-CSF were obtatqed 15 min poA*ihfusion. 
Acuviiy data were taken from Obon et aL (1990) on human lymphocyte GM-CSF. Conespondenoe of oatural GM-CSF forms to ON, IN or 2N was 
made on the basis of iV-glycanase digcsUons. For both studies, each form was isolated by diromatosvaphic means. 

Tune, post'infusioo, when 50% of the maxhnum iiyected GM-CSF observed was found. Typical a and ^ phase aoalysii a not shown since all tira 
clearaoce curves do not show biphastc characteristics. 

* In unita/mg ( x I0~*) as measured in a GM-CSF-respoasive human leukaemia odl line. 

* Neutrophil superoxide anion production at 0.4 ng/mJ GM-CSF. as a lelaUve per oent of a control. 

(pM) determined by Scatchaid analysis. 
' Exoli GM CSF has a lower appaieat molecular weight on SOS-PAGE than ON GM-CSF. presumably due to the absence of O-Cnked 
otigosaochandes. 



between in vivo specific activity and the ratio of tctra- to 
biantcnnary glycan chains was esteblished (Figure 6). These 
results suggest a critical dependence of in vivo activity on the 
branching of EPO glycan chains. 

A number of studies have focused on chemical or 
enzymatic modification of EPO oligosaocharide side chains 
(Spivak and Hogans, 1989; Fukuda et ai., 1989; Takeuchi et 
ai., 1990; Tsuda et a!., 1990). Dcsialyiation of EPO results 
in enhanced in vitro activity and reduced in vujo activity, 
presumably by receptor-mediated clearance in the liver. 
However Spivak and Hogans (1989) reported that sub- 
sequent oxidation of tenninal galactose residues restored 
normal pharmacokinetics, yet the oxidized EPO was in- 
active. Further digestion of asxalo-£PO with galactostdase 
or galactosidase and hexosaminidase did not yield forms 
which displayed any in oioo activity, although there was 
little effect on in vitro activity (Tsuda et tf/., 1 990). Similarly. 
Wasley et aL (Wasley.L.C.. Horgan,P., Tunony,G.. 
Stoudemire,/,, MurthaJ>., Domer.AJ., C:aro,J., Krieger,M. 
and Kaufman,R.J., in preparation) have utilized a mutant 
CHO cell line to evaluate perturbations of oligosaccharide 
structure on EPO bioactivity. The cell line employed is 
deficient in UDP-Gal/UDP-CralNAc 4-epiracrase ac- 
tivity and thus, in the absence of exogenous galactose or 
A^-acetylgalactosamine, is unable to elongate N-linked 
or 0-Iinked glycaos. Under conditions in which EPO is 
produced with incompletely processed N-Iinked oligo- 
saccharides, normal secretion, in vitro activity and in vivo 
clearance is observed, but in vivo activity was reduced 
50- fold. Taken together these observations suggest that 
EPO glycans are not involved in receptor binding but are 
important in another set of interactions required for in vivo 
activity. Moreover these latter interactions arc exquisitely 
sensitive to the fine structure of EPO glycans. 

Dwek and colleagues (Parckh et al., I989a,b; Wittwer et 
al., 1989) have shown that tPA from Bowes melanoma and 
human colonic fibroblasts, as well as rtPA, exhibits differ- 
ential b'netics with respect to fibrin-dependent activation 
of plasminogen. Since the polypeptide in all cases was 
identical, these differences arc most likely derived from the 



distinct set of glycofonns associated with each source of 
tPA. Recombinant bovine lutropin (bLH), expressed in 
CHO cells, also exhibits altered biologica] activity as 
compared to the native protein (South ei a!^ 1990). While 
both native and recombinant forms of the protein have, as 
a majority of thdr acidic oHgosaocharides, iStkc same overall 
branching pattern, there are significant ififferenocs In the 
tenninal sugars of these gjycans. Native lutropin oligo- 
saccharides terminate with suipfaated GalNAc tesidues, 
while the glycans from CHO recomlnsaat bLH terminate in 
NANA(a23) residues. The biological activities of bLH 
from these two sources were quite difieroit. IMiferentiai 
effects on bioactivity were also observed on digestion with 
neuranunidase and ^^-galactosidase. While the differential 
bioactivities observed between recombinant and native bLH 
cannot be solely attributed to die type of tenninal glyco- 
sylation, it is dear that the fine structure of the attached 
glycans can have a pronounced effect on hormonal activity. 

Fharmacoicinetics 

The carbohydrate moieties of glycoproteins are known to 
serve as binding determinants for the numerous mammalian 
lectins and thus are of central importance in specifying the 
pharmacokinetic profile of recombinant glycoprotein thera- 
pcuu'cs. To date, well characterized 'clearance' mechanisms 
exist for a number of glycan determinants on drulating 
proteins including the hepatic Gal/GalNAc receptor, the 
Man/GlcNAc receptor of the . RET syslctn^ the hepatic 
fucose receptor and the mannose-6-phosphate receptors 
(Ashwell and Harford, 1982; McFarlane, 1983; Dahras et 
al., 1989; Sharon and Lis. 1989). Thus it is not surprising 
that appropriate presentation of these determinants on 
recombinant proteins can lead to their rapid elimination 
from the blood stream. The high-mannose glycans in the 
first kringle domain of rtPA have been implicated in its 
clearance (Beebe and Aronson, 1988; Hotchkiss et al., 1988; 
Lucore et al,, 1988), at least in part (Bakhit et al., 1987; 
Ursen et al., 1989). Dcsialyiation of rEPO and rOM-CSF 
leads to their rapid removal from the circulation and 
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localization to the liver (Donahue et aL, 1986; Fukuda er 
a/., 1989; Spivak and Hogans. 1989; Takcuchi et aL, 1990; 
Tsuda e(aL, 1990). 

Indeed, a striking example of the complexities in evalu- 
ating the therapeutic impact of recombinant proteins is 
observed in the case of GM-CSF. Ccbon et af, (1990) have 
purified * natural' GM-CSF from cultured human lympho- 
cytes and observed a range of species ranging from 14 to 32 
kD, largely due to variable occupancy of the two N-linked 
• glycosylaUon sites (range 0N-2K). As summarized in Table 
II, biological activities vary among the subforms in a 
manner invcr^ly dependent on N-glycosylation site oc- 
cupancy. These observations are consistent with those made 
with rGM-CSF from several sources. However, Donahue 
et aL (1986) observed that the various glycosylated forms of 
CHO rGM-CSF displayed distinguishable clearance rales 
and organ distributions, with the 2N form exhibiting the 
slowest clearance (Table II), Thus the pharmacokinetic and 
activity characteristics of a given preparation of GM-CSF 
will depend on the relative amount of each form. Sincis the 
biological activities of the 2N form arc still considerable, the 
question arises as to what is the therapeutically most useful 
form of GM-CSF. 

While the glycans of recombinant therapeutics play a 
crucial role in determining the bioavailability of recom- 
binant therapeutics, an equally' important parameter may 
be the binding properdes displayed by some of these proteins 
towards specific oligosaccharide structures. The number of 
cytokines and lym^okines reported to possess lectin-like 
properties is impressive (Tabic III) and may suggest a 
fundamental role for this property in the biology of these 
proteins. For example rIL-2 has been reported (Sherblom 
et aL, 1989) to exhibit specific binding to a number of 
glycoconjugaces including ovalbumin, yeast mannan and 
uromodutin [an immunomodulatory protein synthesized by 
the thick ascending loop of Henle in human kidney (Much- 
more and Decker, 1985). The N-Iinked oligosaccharides of 
uromodulin exert the tmmunosuppresive effects in vitro in 



the absence of intact protein (Mudimore et al,^ 1987)]. The 
binding of rIL-2 to uromodulin and ovalbumin was 
specifically inhibited by a number of low molecular weight 
oligosaccharides in the millimolar range. As shown in Figure 
7A, the ligand spedfidiy of the binding reaction was further 
defined utilizing high-mannose N-linked oligosacchar- 
ides to competitively inhibit the binding of uromodulin to 
rCl^2 or rTNF. In particular, Man^ or Man^ glycopcp tides 
exhibited half maximal inhibition at/onolar concentrations 
while Mang-glycopeptide was ineffective at all tested 
concentrations. Other data suggested that complex- type 
glycans were also ineifective inhibitors. Moreover, a limited 
degree of sequence homology was identified in the amino 
terminal portion of rIL-2, compared to carboxyl temiinal 
domains from three C-type (Drickamcr, 1988) man nose 
binding lectins (Figure 7B). Comparison of these regions of 
homology to the crystal structure of IL-2 ( Brandhubcr ei 



Table IlL L ectin properties of cytokines and lynpbokines 



Protein 



OHgosaocharide 
Ugand 



RcTerenoe 



GM-CSF Glycosammoglycaas 
IL-lac^ Uromodulin N-linkcd 
glucans 

TNF OAabkssc and trims a* 

Heparin 
IL-2 Man^Man«*' 
IL-3 Mannose/lactose 
bFGF Hq»fm sulphate 



Gordon et at., 1987 
Mudunore fiA, 1987 
Mudunore and Decker, 1987 
Shcfblom el a/., 1988 
Hes&on et 1987 
Roscogan ct„ 1988 
SherbbMn ex at^ 1989 
Vehmestr ei at^ 1988 
BflilikiD el at^ 1989 
Senoef W.. 1990 



' Triioan rcTen lo Uie oompotmd Man(aMHMan(al,^]Maa, 
representative of the trimannosyl mote^ of the iovBriant core of 
N-Uoked oH^osaodiaridea. 

Heparin bindjog growth factor-1. 
* The s(rvctux«$ for these h'gands are shovm in ^giire 7. 
bFGF a bask: fibroblast growth iactor. 
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Ftg. 7. Lectin properties of rIL-2. (A) Slnictural spooftcity or oligosaccharide tnhlfaitoTS of rL-2 binding to oramodulin. The Man^Man, sirudure 
yields mhibJiios to half-maxinia] binding ai ftM concentrations, while the Mang structure is ineffective at all tested concentrations. <B) Regions of 
sequence homolosjr between IL*2 and three raanunalian mannose-binding proteins: the human mannose-bindiiig piatcin, MSP(H), and two rai 
livcf mannose-binding proteins* MBP(A) and MBF(Q (Drickamer el at.. 1986; Ezcfcowiu et at., 1988). Data Utea from Shertflom et at, (1989). 
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Fig. 8&hemat«c'oeprescRtidMn.or ay$lali«nictuie of 

ah i 9S?J;5hQNys that .thcsc reppn^ of Jfi^^ Ipcitcd 
primarfly alorig. f he A-helu' and the extended Igcijy coa- 
nesting helices A aa4 &0?Jgui«:%l1iU tppqlp^'cgft 

:arc not in tb< ^ffddiog. of Tl^? its XoVr- (if 

high-affinity .Acceptor (^hcrblom e> a/:^ lift89j|. jSimilar 
ob!Scrva.tio;)s haye been made for xcs^wHnmt fpter- 

factor (rTTNpji OX opyif^, siipliobs&rvatidji? naiiseqi^ilpns 
about thc:physiplbj|?wT signifiGanice of leelin. propei^f^ in 
these proteins. Sev.ciWf.rec«nr«Wfi$s'0ggj^^r^^ i^iS; 
Faltyndcef 4r/j »Sj|)iia5fc^*5UiB3gc^ted to^hff inM^rijsiitel^tiit 
propcrti^ qf tnc^'jfii^^rsiwiVJj.p] aLrtt|efhp&s^t?6^ 
brnding: events. .ntt:essaiy for aispcct.«r.^ghai| iratis- 
ductionv Altcniativeiy, these icctin. pcopcrtiiss may fje imr 
porunt inrevents ^ixch.^ strpitial-in^{ate^':)ia<atiatopx9iCcSSs 
{Rot?erts <af.,. 

fmjpurtogenjcity 

Carbohydrates can modulate the imnvunqgeniopoteritiaJ of 
a glycoprotein either by defining alLor paii of an. epitope, or 
by masking;potcndai antigenic ittcsj Tfius,,thc4nimiJji'ogehic 
potential of rc<^otnbjn^nt ^lycpprotcins prodUP'^'io hcterQ- 
logous ceil'systcm^ has bc«n the-fpcu^ of sonre inquiry and 
much concern. This concern has been primarily based; on 
two considerations. First, particular mofeU^ of glyco- 
protein and g1ytH>}ijpid oiigo^Qchdri^jfS^i are lOipwn' tb be 
immunogenic (F6izi and. Childs, 1.937^ Sch^uer, 1988). 
Second, the observation of cell/tissue-spedfic .glyco- 
sylatton features naturally heightened, concerns about .the 



comparability of recombinant proteins to their 'native* 
counterparts. For example oncofetal fibronectin (from es- 
tablished cell hncs, fetal tissue and cancer tissues) can be 
distinguished from that of normal adult (e.g. plasma fibro- 
nectin) based on reactivity with a monoclonal antibody 
(Matsuura et al^ 1988), TTic cpit<^ for this antibody is 
defined., in part, by O-glycosylation at a specific Thr 
residue- Additionally, . hnmunological npnridentity be- 
tween natural, Exoli recombinant and CHO recombinant 
interferon-^ (IFN-^ has been reported (Colby et ai., 
ii^$4). On the other hand^ Esmon et aL (1990) found that, 
.when tested in rabbits, rFVm did^ot possess any unique 
epitopes ^.bsent in plasma^erived FVIIT. Finally the fact 
that protein-linked gjycans; by ia^ture of their intrinsic 
t)iop.hysical characteristics, effectively shield a significant 
fractidn: of the protein mplocuiar scirfaoe has engendered, 
concerns- about agjycosyjaieii or iaberrant.ly ^ycosylated 
recombinant -piioteiiisi 

'S.ciiiiliies 0n th!5.roleo£:^ycfins in defining W^al antigenicity 
served a^^ uiscful par^di^ for ili^ inaskii]|i of epitppcs by 
.protein-finked oUgosajochandes of recombinant thera- 
;pe.utfc?, SHhd -et aL (1984) |eaci:?ted a variant of the H3 
inftuehia'x^rus tjy jSel<«Uo9 xStfifr neutralizing 
mt):itbi?lotfalantibc^(ay (niAb)^ variant contained a novel 
ociiupicd i^ycosyiatibn ar^rfng^from a. iK)int mutation in 
the yir^l hi^emajs^t^ wh&^i. dfefihai ah N^Un^idd glycd- 
^yfeifefi jfilfe, lih^ g1y?att. Chain css^Uail for 

pr^.udfnjg; inAlf bindirigj tfe neMtr^ltang aiiiSbody otice 
;agaln: lM)und the a^yco^te^ form of the variant A 
^mUt i^]i^mm^ gip Qarb0jliyd^9L«e-?n^at^ in^duUtioji 

prvk^'^«|geiupity ^v^Xorytt^T^ by Cjaust et ai (1^87), 
ifttt0dJU.d5ob 0f niiiVcl N^ink^ |lj|fco^fe&ta$ite$ in^o tho 
major capsid ^nd ^serolype.'^ctenniilj[pj).-proici|i of Che SA 
H t^tt €^ jclt^m, W m int^i^SK^ t^t^dc td hypferr 

tpp^.for neUtraliziijiie: ^til^i^ have been ^Ittcribjc.d for 
mftufcomiu anid bovine feulcacmia, vinis-Onick: et ali, 1384* 
Sfigatt^m ft/ <tLAM% tli<5i* fe Jiitfe ^ason to apubt Jfiat 
JteS^ (iH^j^iii^if^' .<j?'^l^ic.inQciuI?ition and dcfirirtion 
poulA be operative is.TOaSitnaiiah gjycpprptcjins; por ex- 
ampjierxeduced ifliinunaQceacj^yity wras pj?sexv^ :jn the ijiost 
gly^syiitod fbnns of 'hiimaii prc^n (Pdicgtint « a/., 
|9B^< 

lS^\/tii^W^/spff(Sc^ ^^iylafen fc^ttires .can 

re$uft: in. the presenoe^carfjohydr^te antigcns.on secreted 
proteins E'er huxdaii dieir^iiUc^ some carjs ina^ be 
f^i^c^ary^ ?tt the- jSJ^^boA of a c^ii tjfpe for hipTerojogotis 
cj?pi*s$ion, For ibxaJaiplecii has .6«rn, djumatfcd OQalili eral, 
"lS[87j that f^l% ofhuijt^n .serum itgp.is dir^c^ted against 
ih.e carbohydra'tie epijppe C2di(ai3H^t 'Perhaps unfqrtuw 
nately. this parfiiciiirar epitppfc is also cell-specific glycp- 
tyl^tlon feaoute. of the murine Gil? Gnc us^ for the 
expression of recombinant proteins^, where this terminal 
galactosyfeition seciiU.to ocpiur" w/aw.^^ sialyJatioa 
WTuTe ac this time there are no data in the literature 
iti.dicating ai direct- negative dinicai cpnscquence for a CI 27 
fdcombinant prptdn'as a: result .of the presence of this 
epitopci it would seem to be a iiccdiess Cboiplicalion given 
the ay?i|!abili;^ of other |ia.raniafiin' cxpre^ion systems 
whitii do^ot normally produce this epitxspe. 

the development of antibodies to an epitope proximal to • 
or encompassing a potential sije of O^-glycosylation in 
yeas't.reGdihbinam GM-CSiF has bcenrqjprted by Gnb1)en 
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ei ai (1990). From a toiaJ of 13 patients receiving ycasi 
rGM-CSF as a part of phase I/II trials, four developed 
scrum antibodies directed against GM-CSF. Antibody 
could be detected 7 days after treatment was initiated and a 
significant reduction in circulating GM-CSF levels was 
observed 10 days post-infusion, although there was no 
evidence that these antibodies were neutralizing. By asses- 
sing (he immunoreactivity of sera of these patients against 
GM-CSF from several expression sysienjs (CH.O» E-coii 
and yeast), as well as exo- and endoglycosidase- treated 
CHO rhGM-CSF, a common epitope was mapped near a 
site of potential 0-glycosylation. Thus, patient sera was 
immunoreacUvc against Exoll- and yeast-derived GM- 
CSF, but not against CHO-derived GM-CSF unless 
cnzymatically de-O-glycosylated, These results may in- 
dicate that the choice of expression system could have an 
impact on the antigenicity of a recombinant therapeutic. 

Consistency 

For any therapeutic agent the consistency of the 'product' 
is, along with safety and efficacy, a major concern. For 
microheterogcneous glycoprotein therapeutics, this is no 
less the case. The consistency of the final preparation is a 
reflection of variation from disparate so.urccs such as cell 
culture conditions (Including phenotypic stability) and the 
purification regimen.' When these sources arc not defined 
and controlled, *operationar variability is often readily 
apparent. Thus, evaluation of glycoprotein consistency must 
involve consideration of the relative contribution of the 
Intrinsic microhcterogcneity and operational variability. 

In assessing the consistency of glycosyladon in various 
preparations of recombinant therapeutics, two principal 
techniques have been employed. The first of these is 
carbohydrate composition analysis and the second is 
chromatographic * fingerprinting* of liberated oligosacchar- 
ides. The latter technique is now much favoured, largely due 
to the fact that for glycoproteins exhibiting multiple glyco- 
sylation sites and/or site heterogeneity, a large number of 
distinct structural permutations can yield the same carbo- 
hydrate composidon. Thus a consistent set of compositional 
analyses could be masking profound structural aJteradons. 

Numerous chromatographic techniques have been em- 
ployed to generate oligosaccharide • fingerprints ' from glyco- 
proteins. For example Rothman ei al. (1989) employed size 
exclusion, ion-exchange and lectin affinity chromato- 
graphy of pronasc glycopepudes in evaluating clonal, 
generational, and culture variability of hybridoma IgGs. 
Tomiya et ai. (1988) and Arbatsky «/ aL (1989) have 
reported two-dimensional HPLC techniques for liberated 
N-linkcd oligosaccharides. The use of high-pH anion- 
exchange chromatography (HPAE) also appears to be 
particularly promising (Basa and Spcllman, 199(^, Lee, 1990; 
Spellman, 1990). This technique has already been employed 
in the comparative analysis of N-Iinkcd oligosaccharides 
from various commercial preparations of fetuin (Townsend 
et ai., 1989) and of glycans derived from individual glyco- 
sylation sites (Yet and Wold, 1990). As an example pertinent 
to the issues described above, Kumarasamy (1990) utilized 
HPAE-chromatography in evaluating the consistency of 
live different batches of CHO-derivcd recombinant human 
fntcrleukin-4. The five profiles were judged to be quali- 
tatively similar except for one which showed an additional 



peak. These data suggest that it should be possible to 
control the opctational variability of recombinant protein 
glycosylation to a significant extent. 

Concluding remarks 

The past decade has seen exponendal growth in our 
understanding of g^yooconjugatc structure and the bio- 
logical significance, of proteiix-linked glycans, largely due 
to the applicadon of new experimental tools. While our 
exploration of the biological impact of protein glycosylation 
is in many ways still rudimentary, there is ample evidence 
that glycosyladon is a potent and sophisticated mechanism 
to modulate numerous protein attributes, including bio- 
lo^cal activity. This modulation can be effected by alter- 
ations that range from the presence or absence of glycan 
chains to details of the oligosaccharide struaure. Given the 
diverse functional properties and the microheterogeneity of 
many recombinant therapeutics, such modulation is ap- 
pealing as a mechanism of biological control For re- 
combinant proteins, glycosylation clearly can impact their 
therapeudc utility in manifold ways ranging from biological 
concerns such as activity to completely practical issues 
concerning purilicatioo regimens and cell line selection. 
Cleariy the study of the glycosyladon of recombinant 
protein therapeutics provides not only a strong impetus for 
pursuing ^ycobiological studies, but also an extremely 
powerful set of model systems to enable these investigations. 
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OSRP, N>glyoosytation site rooognitioo protein; HPAE chromziography, 
high'pH anion exchange diromaiograpfay; hu, human; IFN-^, inter- 
tcrm-fi: IGF-II. insulio^itkc grosvth factor-II; IL-ia, inter- 
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• A cDNA library was constructed in the phage lambda gtll from human liver mRNA enriched for plasminogen mRNA 
^J?y chromatography on Sepharose 4B. A full-length cDNA done of human plasminogen was isolated. The 2.7 kb cDNA 
l^ncoded the entire plasminogen molecule, a signal peptide sequence and two start codons with a 5 '-untranslated region 
|;6f about 80 base pairs. In the 3'-non coding region of 280 base pairs a consensus signal AATAAA was found at a 
;>^istance of 46 base pairs upstream of the poly(A) talL The plasminogen cDNA was subdoned in the .eukaiyotic 
iexpression vector p91023 (B), and human plasminogen was expressed in monkey kidney (CQS m6) cells and in 
'^^c^erichia coiL The recombinant molecule . obtained from COS cdls has phystcochemical and biological properties 
j^imilar to native human plasminogen I, indicating that it has folded in a maimer similar to plasminogen synthesized by 
^^yer. By contrast, plasminogen expressed in E. eoii could not be activated and showed biological properties which are <; 
^y^iy different from glycosylated forms of plasminogen. However; the non-glycosylated plasmmogen was bound by 
^sine-Sepharose and reacted with a conformation dependent raonodonal antibo^ to kringles 1 to 3. These data suggest 
^zt the proteih has properiy folded knngle domains. Our studies suggest that the carbohydrate domains may play an 
^ifnportant role in the function Of the plasminogen molecule. I a 

pntroduction hanced more than that of plasminogen II in the pres- 

* ' . ence of fibrin by dther urokinase or streptokinase [6]. 
.V-.T^e glycoprotein plasminogen is a zymogen that Plasminogen is synthesized in the liver [7-9]. The 

-participates in the final stages of fibrinolysis [1]. The primary structure of plasminogen has been determined 

?'^ne-chain zymogen is activated by a number of activa- in mixtures containing both forms [10.11], but a simflar 

^I0rs, including tissue plasminogen activator, urokinase primary structure for isolated plasminogen I and II has 

^9f a complex of plasminogen and streptokinase. The noJL been rigorously proven by protein sequence anaJy- 

l:^Uve two chain molecule, plasmin, results from clea- sis. It is known that the synthesis of the two forms in 

■Vage of the peptide bond between Arg-560 and Val-Sdl monkey liver is directed by 23 and 18 S mRNAs [12]. 

Two major- forms of plasminogen have been sep- A partial cDNA "sequence for the plasminogen gene 

:^ated on L-lysine-Sepharose [3]. Form I contains two has been pubHshed [13]. Recently, a full-length plas- 

i.?arbohydrate chains linked to Asn-280 and Thr-345, minogen cDNA has been reported [14], and the expres- 

;:wfaile form II contains one carbohydrate chain linked to sion of human plasminogen in a baculovirus vector-in- 

;.Thr-345 [4,5]. The activation of plasminogen I is en- fected cell system has been achieved [15]. In the present 

■ • study, we report the isolation of a full-length cDNA for 

plasminogen and the expression of human plasminogen 



I ^i^breviaiions: IPTG. i;»propyl.i>.thiogaUciopy^^^^ t-PA, tissue in Escherichia coli and monkey kidney (COS m6) cells. 

! .^asm^nogen acuvator; DFP. dusopropyi fluorophosphat. ^^^^j observation that the cibohydrate do- 

j:;6)rrespondence: M. GonzaJez-Gronow, Department of Pathology. ^^^^ important physiological role in the func- 

|.J>ukc University Medical Center. P.O. Box 3712. Durham. NC 27710,' ^^^^ the plasminogen molecule both with respect to 

V:^" activation and endothelial recognition. 

V?.i67-4838/90/$03J0 © 1990 Elsevier Science Publishers B.V. (Biomedical Division) 
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Materials and Methods 

Proteins. Plasminogen was purified from human 
plasma by affinity chromatography employing L-lysine- 
Sepharose [16]. Plasminogen I and II were separated by 
affinity chromatography on Concanavalin A-Sepharose 
as previously described [12]. Neuraminidase was 
purchased from Sigma (St. Louis, MO) and endo-a-iV- 
acetylgalactosaminidase (0-Glycanase) was purchased 
frortj GENZYME (Boston, MA). 

Plasmin antibodies. Goat antihuman plasminogen an- 
tibodies were prepared as previously described [12]. The 
monoclonal antibody, 10-V-l, directed against the 
kringle 1-3 region of human plasminogen was a kind 
gift from Dr. FJ. Castellino [17]. This antibody is 
sensitive to the proper folding of these kringles. 

Radioiodination of proteins. Radioiodination was car- 
ried out by the method of Markwell [18]. Radioactivity 
was measured in a LKB 1272 ganuna counter. Incorpo- 
ration of ^^^I was approx. 8 • 10^ cpm/nmol of protein. 

Construction of human liver cDNA library and isola- 
tion of plasminogen cDNA. Total poly(A) . RNA was 
prepared from human liver and fractionated on Seph- 
arose 4B as previously described [12]. The bound mRNA 
(10 /ig) was transcribed into double-stranded cDNA by 
the method of Gubler and Hoffman [19], Eco¥l linkers 
were attached to both ends of the double-stranded 
cDNA and ligated to the jEcoRI site of the phage 
lambda gt-11 DNA The library was then amplified in 
E. coll Y1088 and screened with antihuman plasmino- 
gen antibodies by the method of Young and Davis [20]. 
Purification of large amounts of the plasminogen cDNA 
clone in lambda gt-11 was carried out by bandmg of the 
phage on a cesium chloride gradient [21]. 

Fiasmid DNA preparation and restriction endonuclease 
analysis. Plasmid DNA was prepared by the SDS lysate 
procedure [22] and purified by chromatography on 
Sephacryl S-1000 followed by banding in a cesium 
chloride-ethidiura bromide gradient [21]. Restriction en- 
donuclease analysis of plasmid DNA and gel electro- 
phoresis was performed as previously described [21] in 
Tris/acetate/EDTA buffer at room temperature. Low 
melting agarose gels were electrophoresed in the same 
buffer at 4** C. 

DNA sequencing. Nucleotide sequence determination 
was performed by the dideoxy chain-termination method 
[23]. Subcloning of appropriate restriction en2yme frag- 
ments in M13mpl8 or mpl9 [24] was performed by 
separating the DNA fragments on- a 1% low melting 
agarose gel and subsequent Ugation to the vectors [25J: 
Subcloning and expression in E. cdli. For expression 
of human plasminogen in E. coli, a 2.7 kb plasminogen 
cDNA isolated from the above library was subcloned in 
the expression vector pKK 223-3 [26,27] and used to 
transform the lac iq host E.xon JM 105. This vector 
contains the strong trp-lac (tac) promoter which in a lac 



iq host is repressed and may be derepressed by the 
addition of isopropyl-o-thiogalactopyranoside (IPTG). 
Recombinant bacterial colonies were grown overnight 
on nitrocellulose filters over LB agar containing 5o 
/ig/ml ampicilHn, The filters were then transferred to 
LB agar-ampicillin plates containing 5 mM IPTG for 5 
additional hours to induce the production of plasmino- 
gen. Lysis of the colonies was carried out as previously 
described [28]. Screening was performed with a ^"l. 
labelled monoclonal antibody directed to an epitope in 
the region of kringles 1-3 of human plasminogen. 

Subcloning and expression in monkey COS ceils. For 
expression of human plasminogen in mammalian cells, 
the 2.7 kb plasminogen cDNA isolated from the above 
library was subcloned into the EcoKl site of the 
eukaryoUc expression vector p91023(B) [29]. Recombi- . 
nant clones containing the plasminogen cDNA in both 
orientations with respect to transcription were used to 
transfect monkey kidney (COS m6) cells by the suspen- 
sion method of Chu and Sharp [30]. This method al- 
lowed the transient expression of human plasminogen 
in COS cells. Basically, the procedure involved treating 
a subconfluent monolayer, of COS ceils with a transfec^ 
tion cocktail containing piasmid DNA (500 ng/35 mm 
plate) and DEAE-dextran (10 rag/ml) in phosphate- 
buffered saline (PBS) at 37 ""C for 30 min and then 
incubating the plate with culture medium supplemented 
with chloroquine (80 /aM) for 2.5 h at 37**C. Th6 
culture medium was then aspirated and replaced with 1 
ml of fresh medium contaming 10% DMSO for 2.5 nrni 
After aspirating the DMSO solution, the plates were 
incubated with plasminogen-free medium and analyzed* 
72 h post-Uansfection. Pooled medium (20 ml) from 10 
wells for each clone were analyzed for the presence of 
plasminogen by chromatography on L-Iysine-Sepharose 
columns (3X1 cm). :« ; 

Electrophoretic analysis, SDS-polyacrylamide gel elec-- 
trophoresis analysis was carried out according to Laem- 
mli [31] on 8% polyacrylamide slab gels in 0.1% SDS/0.1 
M Tris-glycine buffer (pH 8.6). Transfer to nitroc^llu-. 
lose paper by the Western blot method was carried out 
as described by Towbm et aL [32]. Plasminogen was 
analyzed with antihuman plasminogen ^^I-labelled IgG: 
For analysis of glycosylation, duplicate lanes of the. 

... - _ . lie 



V. 



nitrocellulose transfer were overlaid with '"l-labelled 
concanavalin A as described by Gershoni and Palade 
[33]. 

Isoelectric focusing analysis. Isoelectric focusing was 
performed in the FMC Resohjte MPM chamber system - 
with Isogel agarose lEF plates at pH 5.5-8,5. The 
electrode solutions were 0.1 M L-histidine for the 
cathode and 0,1 M Hepes for the anode. Electrophoresis 
was performed at constant voltage (500 V) for 90 min 
with constant cooling at lO'^C. After focusing, the pH 
gradient was determined using a Radiometer surface 
electrode with measurements at 3 nam intervals.' The 
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i* gels were fixed in a solution containing 3.5% sulfosali- 
j cylic acid/10% trichloroacetic acid for 30 min. The gels 
were stained with 0.25% Coomassie blue R-250 in 45% 
^ methanol/ 10% acetic acid for 1 h and destained at 
room temperature with 25% methanol/ 10% acetic acid. 
When the samples were radioactive, after focusing and 
fixing, the gels were cut into 3 mm sections and radioac- 
tivity was measured in a LKB 1272 gamma counter. 

Flasma clearance studies. Radiolabeled ligands were 
injected into the lateral veins of CD-I female mice as 
previously described [34]. Blood samples of 25 /il were 
repetitively drawn from the retroorbital venous plexus, 
and radioactivity in the samples was measured in a 
gamma counter. All experiments were performed in 
' duplicate. 

Proteolytic activity and plasmin generation. Native 
plasminogens I and II and recombinant plasminogen 
: were activated using tissue plasminogen activator (t-PA) 
> -i(20 lU/ml) in 20 mM Tris, 0.1% Tween 80 (pH 7.4). 
./Plasniin generated was assayed using the fluorometric 
/^iplasmin substrate (D-Val-Leu-Lys-7-amino-4-methyl- 
pioumarin (Enzyme System Products) at a Gnal con- 
centration of 10 ilU. Hydrolysis of the synthetic* sub- 
^«trate by plasmin was monitored at an excitation wave- 
^^length of 380 nm and emission wavelength of 450 nm. 
•^Under these assay conditions, no hydrolysis of the 
l^^nthetic substrate was caused by t-PA alone, 
j|?<; Enzymatic deglycosylaiion. Human asialoplasmindgen 
jfep was prepared by dissolving plasminogen II to 5 
:|mg/ml in a buffer consisting of O.l M sodium acetate 
|p.l M L-lysine, 0.002 M CaClj (pH 5.6). To 2.5 ml of 
[.vthis solution, 2.5 ml of neurammidase (20 units/ml) was 
^dded, and the solution was incubated for 9 h at 37 °C. 
^At this time, the mixture was dialyzed for 5 h at 4*' C 
l^gainst 50 raM Tris-HQ (pH 7.5). Then, the asialo- 
:Vglasminogen was adsorbed onto L-lysinc-Sepharose to 
ppparate it from the neuraminidase and the protein was 
'^Juted from this resin with 100 raM 6-aminohexano2C 
,^d. The 0-iinked carbohydrate chain was removed 
^i/rom the asialoplasminogen 11 (2 mg/ml) by incubation 
l^for 6 h at 37*^0 with endo-a-iy-acetylgalactosaminidase 

f'PO units) in 20 mM sodium cacodylate buffer (pH 6 0) 
degiycosylated plasminogen was separated from the 
..^ndoglycosidase by chromatography on L-lysine-Seph- 
|X>rose as described* above. The enzymatically deglyco- 
fefylated plasminogen was then activated with t-PA, and 
:assayed fluorometrically for plasmin activity as de- 
j;!?cribed above. As a control, plasminogen was incubated 
:m buffer without glycosidases and otherwise subjected 
;.to the same manipulations as the preparation which was 
;deglycosylated. The control preparation was then t-PA . 
•/activated and assayed fluorometricaUy for plasmin ac- 
;,tivity. The specific acUvity of the preparadons was dien 
^/.Compared. 



Results 



Antihuman plasminogen antibodies were used to 
screen a lambda gt-11 expression library constructed 
from human liver cDNA. A clone containing a 1.2 kb 
insert was identified as encoding plasminogen. In order 
to isolate a full-length cDNA. the library was re- 
screened by hybridization with the 1.2 kb fragment, and 
a nearly full-length (2.6 kb) clone identified. Rescreen- 
ing the library with a 300 bp -fragment from the 5'-most 
region of the 2.6 kb clone yielded several larger recom- 
binants. The largest was found to have an insert of 
about 2.7 kb. This clone not only encoded the entire 
plasminogen molecule, but also a putative signal se- 
quence, and two (in phase) start codons 18 base pairs 
apart from each other. Our sequence is essentially the 
same as that determined by Forsgren et al, [14] for their • 
full-length clone, and is in agreement with the amino 
acid sequence presented by Sottrup-Jensen et al. for a 
mixture of plasminogen I and II [10,11]. 

For expression of human plasminogen in .^. coli, the 
2.7 kb plasminogen cDNA was subcloned in the pro- 
karyotic expression vector p.KK 223-3, The 2.7 kb EcoKl 
fragment obtained after partial digestion of the plas- 
minogen clone in lambda gt-11, was ligated to the 
EcoRl site of pKK 223-3 and used to transform £. coli 
JM 105. Seventy colonics were selected for analysis of 
orienUtion of the cDNA insert with respect to direction 
of transcription of the tac promoter and production of 
plasminogen. Six of the clones gave a positive reaction 
after screening with a monoclonal antibody directed to 
an epitope in the region of kringles 1-3 of human 
plasminogen (Fig. 1). Clone IF was grown in LB broth 
in the presence of ampicillin and IPTG. A cell lysate 

123 45 6789 10 
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Fig. 1. Iinmunological screening of clones containing plasminogen 
cDNA in pFCK 223-3. The colonics were screened with a '"l-labeled 
monoclonal antibody to an epitope in the region of kringles 1-3 of 
human plasminogen, as described under Materials and Methods. 
Clone IF was selected for isolation of recombinant human 
plasminogen. 
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Fig. 2. 8% SDS-po^aciylanude gel analysts of recombinant plas- 
minogen. Lane 1, '"^I-labclcd human plasminogen I; lane 2, ^"l- 
label^ human plasminogen It; and lane 3. '^I-Iabeled recombinant 
human plasminogen isolated from E. coiL Molecular masses were 
based on a set of calibration proteins. 



was prepared and the filtered through L-lysine-Seph- 
arose. A single peak was eluted with 6-aniinohexanoic 
acid (data not shown). SDS-PACE . analysis of this 
protein under reducing conditions revealed three major 
protein bands (Fig. 2, lane 3), one of which is identified 
as non-glycosylated human plasminogen with a calcu- 
lated molecular mass of 88 400 Da. The other two bands 
seen with the recombinant material may be the result of 




Fig. 3. Immunodiffusion analysis of the cross-reactivity of goal anti- 
human plasminogen IgG against native plasminogens and recombi- 
nant plasminogen isolated from £. colL The outside wells contained 2 
pg of the following: native plasminogen I (well I); recombinant 
plasminogen (well 2); native plasminogen II (well 3); and recombi- 
nant plasminogen (well 4}. , 
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Fig. 4. L-Lysine-Sephaiose affinity chromatography of recombinant 
human plasminogen. 10 fig of protein purified from culture media of 
positively transfected COS cells were labeled with Na "^I. After 
mixing witb 50 ml of human plasma, the mixture was applied to oA' 
L-ly5ine-Sq)liarose column X 10 cm) and the column washed with . 
0.1 M sodium phosphate buffer (pH 7.3). The material adsorbed was 
duted with a linear gradient of 6-aminohexanoic acid. Fractions of 1 ' 
ml were collected: o, elution profiles of human plasminogen I and I^; 
elution profile of ^^I-Iabeled recombinant human plasminogen. ' 



specific proteolysis of plasminogen by bacterial pro^ 
teinases. Immunodiffusion analysis of the non-glyc(H 
sylated recombinant plasminogen shows a high degree 
of cross-reactivity with native plasminogen I and II 
(Fig. 3). 

For expression of himian plasminogen in mammalian > 
cells, the 2.7 kb plasminogen cDNA was subcloned in ; 
the eukaryotic expression vector p91023(B). The 2.7 kb 
EcoKl fragment obtained after partial digestion of th^ ' 
plasminogen alone in lambda gt-ll» was ligated to the 
EcoKl site of p91023(B). After transfection of monkey ; 
kidney (COS m6) cells with plasmids containing the 
plasminogen cDNA insert in both directions with re- , 
spect to transcription^ culture media were analyzed foiV 
the presence of plasminogen. Only the media obtained, 
from cells transfected with DN A in the right orientation 
showed detectable levels of plasminogen after chror 
matography on L-lysine-Sepharose (data not shown). - ^ 

The recombinant protein was labeled with Na 
and then chromatographed on L-lysine-Sepharose after • 
mixing with human plasma, revealing a single radioac- 
tive peak which coeluted with native plasminogen- 1- 
(Fig. 4). SDS-PAGE analysis of this protein revealed a . 
moIeculcL which, coelectrophoresed with native plas- 
minogen from human plasma as seen in Fig. 5, lane 2. 
The recombinant plasminogen can be activated by 
streptokinase, as indicated by the cleavage into heavy 
and light chains shown in lane 4, Fig. 5. Analysis of 
glycosylation shows that the recombinant plasriiinoged 
is similar to native plasminogen h as seen in lane 6, Fig- . 
5. Isoelectric focusing analysis of the recombinaiit 
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' Fig. 5. Analysis of the recombinant plasminogen synthesized by COS 
..cells. Plasminogen samples (5 ;ig) in 30 /il 1% SDS/1% menaptCK 
.cthanol/0.1 M Tcis-HQ buffer (pH 8.8), were resolved on an 85B 
, SDS-polyacrylamide gel and transferred to mtroceUulose paper by the 
Western blot procedure described under Materials and Methods 
:- Unes 1-4 show the autoradiogram of the transfer overlaid with 
Mabded antthuman plasminogen IgG. Lanes 5-7 show die auto- 
radiogram of the transfer overiaid with '^Habeled concanavalin A. 
X ^ne 1, native human plasminogen I; lane 2, iccombinant plasmingen 
from COS cells; lane 3, native human plasminogen I incubated with 1 
.;x g streptokinase at room tcn^jcrature lor 30 min; lane 4, recombinant 
plasminogen incubated with 1 streptokinase at room tempentura 
for 30 mm; lane 5, native human plasminogen 1; lane 6. recombinant 
i . plasminogen; and Iane7, native human plasminogen IL 
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^|^)lasminogen shows a pattern of isozymes similar to 
^tjnative plasminogen I, as seen in Rg. 6B. 
|>; The specific activity of the recombinant plasminogen 
Jftijroduced in COS cells, measured as described under 
;f:';Materials and Methods, gave a value of 0.8 comparable 
po a, value of 3.2 and 3.1 nmol product Hberated/rag per 
|jnun, for native plasminogens I and II, respectively. The 
vjnaterial isolated from K coli, however, did not show 
J!kny activity. 

A.:^,. The rate of clearance of plasminogen was studied in 
^^.nuce. The recombinant plasminogen produced in E coli 
• ^ps not glycosylated. The clearance of this protein is 
l^ramaticaUy faster than either types I or II plasmino< 
glens, while the. rate of clearance of the glycosylated 
^recombinant plasminogen produced in COS cells is very 
l^imilar to either types I or II plasminogens (Fig. 7). For 
rjtbmparison, the rates of clearance of native, asialo and 
|)::corapletely deglycosylated human plasminogen II are 
^shov/n in the same figure, the enzymatically deglyco- 
{:l?ylated plasminogen clears at essentially the same rate 
:;f3s recombinant plasminogen produced in E. coli. These 
j^iPreparations demonstrate a clearance rate faster than 
(.^^asialoplasminogen. Following t-PA activation, the 
(f;specific activity of the deglycosylated plasminogen pre- 
I; paration was identical to that of the native plasminogen 
^preparation when assayed by a fluorometric substrate 
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Fig. 6, Isoelectric focusing analysis of native and recombinant pla^ 
minogen forms. Electrophoresis was performed as described under 
Materials and Methods. (A) Native hum^ plasminogen II (15 iig) 
was mixed with 1 Mg '"l-labeled native human plasminogen 11. After 
focusing and fixing, one lane was stained and'the other cut into 3 mm 
actions and radxoacavity was measured. ^B) NaUve human plas- 
mino^ I (15 ,ig) was mixed with 1 ,ig ^^I-labdcd recombinant 
plasnunogen. Electrophoresis and measurement of radioacdvity were 
pexfomied as above.' 

(approx. 3 nmol product liberated/mg per min) indicat- 
ing that deglycosylation did not otherwise alter the 
protein function. 
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Fig. 7. acarancc of plasminogen in mice. Qearancc of recombtnaoi 
plasminogen from COS cells (a) and £ co/i (a) compared to native 
plasminogen 1 (o) native plasminogen II (•). asialoplasminogen II (■) 
and deglycosylated plasminogen II (O). 
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TABLE I 

Organ distribution of recombinatxt human plasminogen' injected into mice 
'"l fadioactivity recovered 



total 
CPM 



% initial level 
recovered 



Initial level 


1320000 


100 




Blood level at 20 min 


232560 


17.6 




Heart 


2729 


0.2 




Lungs' 


12620 


1.0 




Spleen 


3615 


0.3 




Kidneys 


36439 






Liver 


70174 


5,3 




Unrecovcrcd 


961863 


72.8 





Recovery data arc based on an average bipod volume of 3 ml for 
CD-I female mice used in these studies [34]. 



Table I shows the autopsy studies perfonned after 
clearance of non-glycosylated recombinant plasminogen 
in mice. The molecule appears to be wisely distributed 
in the tissues consistent with a vascular distribution. It 
was not located in liver as would be the case if it were 
denatured and improperly folded with clearance occur- 
ring in the reticuloendotheUal system [35]. 

Discussion 

Human plasminogen is a molecule consisting of 790 
amino acids in a single-chain with 24 disulfide bridges 
and five homologous triple loop structures or *kringlcs\ 
Plasminogen is isolated from plasma as two major forms 
[3], which differ in their states of glycosylation [44]. 
Each of these forms can be separated into about six 
subforms with different isoelectric points, by isoelectric 
focusing [36]. The activation of plasminogen 1 is en- 
hanced more than that' of plasminogen II in the pres- 
ence of fibrin by either urokinase'or streptokinase [6]. 
Studies performed in vivo in rabbits and rats have 
demonstrated that plasminogen I appears in the plasma 
at half the rale of plasminogen II [371 an^ secondary 
glycosylation is essential for the secretion of plasmino- 
gen I [38]. Since the primary amino acid structure of 
both plasminogen forms seem to be identical [39], dif- 
ferences in carbohydrate have been used to explain this 
heterogeneity. Studies perfonned with mRNAs purified 
from monkey liver show that the two major plasmino- 
gen forms are synthesized "by separate 2T arid" 18 S* 
mRNAs, suggesting that their synthesis is the result of a 
fine regulatory mechanism which operates at the tran- 
scriptional level [12]. 

Chromatography of total himian liver mRNA on 
Sepharose 4B, demonstrated the presence of two mRNA 
fractions encoding for plasminogen (Gonzalez-Gronow, 
M. and Pizzo, S.V., unpublished observations) just as 



occurs in monkey [12]. The cDNA described in this 
report was cloned from the mRNA fraction that binds 
to Sepharose 4B, Based on studies performed with 
monkey liver mRNAs, it is known that the fraction 
bound to Sepharose 4B encodes monkey plasminogen I 
[12] and it seems highly likely that this is also the case 
in humans. 

We isolated a 2.7 kb full-length cDNA clone of 
human plasminogen. The cDNA insert encoded the 
entire plasminogen molecule, a signal peptide sequence 
and two start codons 18 base pairs apart from each 
other. The sequence of the region encoding the mature 
protein and the 3'-untranslated segment is identical to 
that determined by Frosgren et al. [14] for their full 
length clone. 

The calculated molecular mass for the non-glyco- 
sylated recombinant plasminogen obtained from E. coli 
is 88400 Da. This is seen in Fig. 2 (lane 3), where the 
size of the recombinant protein is compared with native 
plasminogen I (93 000 Da), with two carbohydrate chains 
(lane 1), and native plasminogen II (89000 Da), with 
one carbohydrate diain (lane 2). The size of the lower 
molecular mass bands in the recombinant material cor- 
respond with the plasmin heavy-A (66000 kDa) and 
light-B (24000 kDa) chains, suggesting the presence of 
plasmin in the recombinant material isolated from E. 
coli. The amount of the heavy and light chains obtained 
varied in different preparations. The appearance of 
these chains always correlated with a loss of the 88400 
Da species (data not shown). 

In an effort to overcome this problem, we employed 
the pIN-IU-OmpA vector system to express plasmino-- 
gen in E, colL This system is the one of choice where 
the objective is the translocation of the protein to the ; 
extracellular envirorunent [40]. In this system, identical ' 
results were obtained to those reported in this 
manuscript (data not shown). It should be noted, that ' 
Whitefleet-Smith et al. [15] made a similar observation ' 
employing an insect cell system infected with a bacu- 
lovirus vector. 

Some E. coli strains contain a serine proteinase that 
can activate plasminogen produdng plasmin [41]. Since 
this proteinase is present in large amounts in the pcri- 
plasmic space where the plasminogen molecule should 
be secreted, a large fraction of the zymogen molecules • 
may be converted into plasmin before the isolation 
procedures are performed. Although we used 1 mM 
diisopropyl fluorophosphate (DFP) in the lysis cocktail, 
we could not* prevent internal degradation of the cloned 
protein, limiting the usefulness of this system for the 
production of large amounts of zymogen for physiologic . 
studies. The recombinant non-glycosylated plasminogen 
binds to L-lysine-Sepharose, it has antigeriic cross-reac- 
tivity to antibodies raised against native plasminogen 
(Fig. 3) and has a tertiary structure common to native 
plasminogen since it is recognized by a conformation- 
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sensitive monoclonal antibody directed to an epitope in 
the region of kringles 1-3 of human plasminogen (Fig. 
1), However, it can not be activated in vitro by either 
urokinase or t-PA, suggesting that the lack of carbo- 
hydrate may affect its activation properties by these 
enzymes. This observation is particularly interesting in 
view of the apparent cleavage of the non-glycosylated 
plasminogen within the E. coU containing the cloned 
cDNA. The properties of the E. coli plasminogen 
activating enzyme are distinct from other activators, 
partioiiarly t-PA (41). However, the fact that this en- 
zyme cleaves the plasminogen molecule to yield the 
expected heavy and light chain sptcie& obtained with 
t-PA, also suggests that the E, coli polypeptide is prop- 
erly folded. 

Since the large number of disulfide bonds [24] in 
plasminogen require correct pairing for a precise folding 
in its functional kringle domains, we also investigated 
whether expression of a fuUy glycosylated functional 
form of recombinant plasminogen was possible in a 
mammalian system. Our cloning procedure used the 
efficient protein expression obtained after transfection 
of COS monkey cells with the cloning vector p91203(B). 
; : • This system has been previously used for the expression 
f ::of a large variety of recombinant proteins with proper- 
h ties identical to the natural product [29], 

The physicochemical properties of the recombinant 
Inhuman plasminogen expressed in COS cells show a 
^vmolecule very similar to native human plasminogen I: 
it binds to L-lysine-Sepharose with the same afCm'ty 
»^'as native plasminogen I; (2) it is activated by stfep- 
;:;tokinase-Iike native human plasminogen; (3) it shows a 
;>:.specific activity similar to native plasminogens I and 11, 
^: after activation with t-PA; (4) it has a glycosylation 
t'^^'pattern similar to native plasminogen I; (5) it shows a 
:^r;pattcrn of isozymes similar to native plasminogen I; 
i.rand (6) it has a rate of clearance closer to native 
^■plasminogen I than II. 

The clearance pbservations are particularly of inter- 
litest in view of recent observations regarding clearance 
:^;?and receptor recognition of plasminogen. Plasminogen I 
V-clears more slowly than the less extensively glycosylated 
^-^plasminogen II (Fig. 7). Moreover, non-glycosylated 
[^^plasminogen produced by clomng and expression in £. 
^coli shows extremely rapid clearance {t^^^ < 3 min) when 
^ .compared with the glycosylated material expressed in 
'>COS cells > 60 min). In addition, the clearance of 
..•enzymaitically deglycosylated native plasminogen 11 is 
•;f?essentially identical to that of the nocfglycosylated re- - 
p.combinant plasminogen. Plasminogen binds to endo- 
A^helial cells [42] and the slow clearance of plasminogens 
'\,I and II appears to reflect the equilibrium for the 
IV' distribution of these proteins between the vessel wall 
j\v&nd plasma [43]. Autopsy studies with non-glycosylated 
I V recombinant plasminogen are consistent with this hy- 
pothesis. Recovery of recombinant plasminogen in the 
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major organs was only about 27% (Table I). The re- 
mainder of the radioactivity appears to be widely dis- 
tributed in the tissues consistent with a vascular distri- 
bution. It can be argued that the fast clearance of the 
non-glycosylated recombinant plasminogen may be due 
to the presence of large amounts of plasmin in the 
preparation. However, the plasmin generated in E. coli 
is present as the inactive DFP derivative. Previous stud- 
ies have shown that native plasmin alkylated with 
PNPGB or otherwise subjected to active site modifica- 
tion, shows a rate of clearance similar to unmodified 
plasminogen [44]. Moreover, our studies demonstrate 
that isolated plasmin heavy chains bind to the plas- 
minogen receptor with an affinity comparable to plas- 
minogen [45]. Therefore, the explanation for the fast 
clearance of the recombinant plasminogen made in £; 
coli appears to be the lack of carbohydrate on this 
molecule, an observation that is cleariy confirmed by 
our studies with- the enz3rmatically deglycosylated native 
plasminogen whose clearance is as fast as that of the 
recombinant protein (Fig. 7), The recombinant protein 
made in E, coli and the enzymatically deglycosylated 
protein are removed from the circulation more rapidly 
than asialoplasminogen. This latter preparation, with 
galactose terminal carbohydrate chains is removed from 
the circulation by the hepatic ^ctose receptor (46J. 
Qearance mediated by this receptor is generally very 
rapid. It is, therefore interesting to note that the degly- 
cosylated plasminogen and recombinant protein made 
in £1 coli deaf even more rapidly than asialoplasmino- 
gen. While this may reflect differences in the affinities 
of these prot^ pr^arations for the plasminogen and 
galactose receptors, this is unlikely because asia- 
loproteins bind to the galactose receptor with much 
greater affinities than plasminogen binds to endothelial 
receptors (42,461. Most likely this result rqjresents the 
presence of a very large number of endothelial binding 
sites for plasminogen, while galactose terminal proteins 
are removed almost exclusively by the liver [46]. Finally, 
in vitro studies with U-937 cells have confirmed the role 
of carbohydrates in modulating the receptor recognition 
of plasminogen [45]. While plasmingoen II binds to this 
receptor, we found very little specific binding for more 
extensively glycosylated plasminogen I. 

Since secondary glycosylation is essential for the 
secretion of plasminogen I [38] and is clearly an im- 
portant signal for the recognition of plasminogen II by 
its receptor, the regulation of their synthesis must be 
affected at the transcriptional level to generate two 
molecules so similar in primary amino acid composition 
but different in their carbohydrate chains. All evidence 
obtained in this study suggests that our cDNA done 
expresses only plasminogen I. The isolation and further 
analysis of a full-length cDNA for the second plas- 
minogen form is necessary. We are currently pursuing, 
these studies. 
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Fig- 1 

(a) the structure of pXasinxnogen (The FASEB Journal, .12 , 1731-1738 ( 1998 ) * 
page 1733* Fig.l, attached hereto) , molecular wexght 89 to 93 kDa 

(Blochemlca et Biophyslca Acta, 1039, 269-276(1990), page 274, right 
column, lines 18. to 22, attached hereto) 

(b) the structure of HGP (Biochemical and Biophysical Research 
Communications, 333. 316-327(2005), page 317, Fig.l), molecular weight 
103 kDa (a-chain: 69 kDa, p-chain: 34 kDa) 



ATTACHMENT F 



